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NOTE

The book "Motor and Jet Fuels and Rocket Propellants" is the

fourth completely revised edition of the first volume of the book

"Motor Fuels, Lubricants, and- Liquids," issued in 1957.

-'ihis book examines in detail the physicochemical and operational

properties of aviation, Jet, rocket, automotive, diesel, and boiler

fuels, as well as the basic problems relating to the qualities and

utilization of these fuels in engines and aircraft assemblies and

ground machine Individual chapters of the book are devoted to the
most important problems in the area of fuels- corrosion and scale-

formation properties, heat of combustion, low-temperature properties,

tar formation, deposition, etc.

This book is intended for engineers and technicians working in

* areas in which fuels are used, as well as for those people engaged in

"the operation of various engines and the refining of petroleum.
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PREFACE TO THE FOURTH EDITION

The fourth edition of the book "Motor and Jet Fuels and Rocket

Propellants" has been revised and changed so that it would probably

best be referred to as a new book, rather than a new edition of the

book published first in 1957.

Almost all of the chapters in this book have either been radi-

cally revised or rewritten entirely. Moreover, new chapters have been

introduced.

This book contains the latest information on the quality and

application of all types of Jet, rocket, aviation, automotive, diesel,

.*,. and marine fuels.

*" The part dealing with rocket propellants includes data published

in foreign and Soviet literature.
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Chapter 1

PETROLEUM

THE IMPORTANCE OF PETROLEUM

Fuels and lubrication materials for aircraft, tanks, automobiles,

-- tractors, seagoing vessels, etc., are derived primarily from petroleum.

* Petroleum became one of the basic sources of energy because of its

high heat of combustion. In the burning of 1 kg of petroleum approxi-

mately 10,600 kcal of heat are liberated on the average. For purposes

of comparison let us point out that the burning of 1 kg of high-quality

coal (anthracite) approximately 8,000 kcal are liberated, and in the

burning of I kg of dry wood a total of about 4,700 kcal is evolved.

In the conversion of naval fleets from coal to petroleum, accomp-

*• lished some 45 years ago, the power of the powerplants of fleets exist-

ing at that time (without counting the construction of new vessels) in-

creased by one-third.

The invention, in 1880, of spray nozzles by ELGineer V. 0. Shukhov

played an important role in the convwrsion of these ships to petroleum

fuels; these spray nozzles made it possible to Inject petroleum, in

mixture with steam or air, into the boiler furrace.

The utilization of products from the refining of petroleum fuels

and lubricants for various purposes, and particularly motor fuels and

. lubricants- has been on the rise since the beginning of the present

century. There were only four autcmobiles In the world in 1896, whereas

.'. by 1910 the number of automobiles exceeded 10 million.

S- 3 -
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During the Second World War approximately 40 million automobiles

and tractors were in operation, there were some 150 thousand tanks, and

more than 200 thousand aircraft. It is not difficult to conceive of the

tremendous quantities of fuels and lubrication materials that all of'

this equipment required; without this material all of this equipment

would have stood idle.

D.I. Mendeleyev, who had such great influence on the development

of our domestic petroleum industry, pointed out that petroleum is a

precious raw material for chemical refining.

During the past ten years, petroleum and natural petroleum gases

have been employed in ever-increasing quantities as raw material for

the chemical industry.

Petroleum is a complex mixture of carbon compounds and hydrogen -

hydrocarbons - which make up the basic class in organic chemistry.

I.M. Gubkin, the outstanding Soviet scientist, developed the

theory of the composite vegetable-animal origins of petroleum, widely

employed In the search for new petroleum deposits.

According to this theory, remains of vegetation and animals,

accumulated in boss (in shallow seas, lagoons, and Gulfs), act to-

gether- with inorganic substances to iorm deposits which undergo con-

tLnuous chan-g when completely ira ursud in this section of the earth's

crust for long periods or time,, and as a esvult the sapropellc sub-

stances (the decaying muzd) convervts into petroleume.

-he or igns o- the organic residues (r'or example, vegetative,

or compla animal or-an' oms, or the simplest or the single-celled

creatures) in the final analysis determine the variety of products

into which they will finally be converted, and this It one of tVe

factors responsible iof' the existence orz varieties or pe"ro-w,. " .

-- ' -
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"Temperature conditions within the rocks containing these residues

also have an effect on the composition of the final transformation pro-

ducts, as does the catalytic effect of individual substances, in addition

to the biochemical processes engendered by bacteria, geological changes

within the rocks themselves, the action of radioactive elements, eto.

Petroleum contains some 84-87% carbon, and approximately 12-14%

hydrogen. There are sulfur, oxygen, and nitrogen compounds in petroleum.

The petroleum from a number of deposits (primarily from the regions of

the Caspian and Black Seas) are poor in sulfur; the sulfur content rare-

ly exceeds 0.3%. The petroleum from many of the deposits situated in

the East of the country contain 2-3.5% of sulfur, and certain other

- deposits show figures reaching as high as 5%.

The nitrogen and oxygen content in petroleum varies from 0.4 to

1%, and rarely exceeds this value. These elements, as a rule, are found

in combination with carbon and hydrogen.

Paraffinic (alkanes), naphthenic (cyclanes),iand aromatic hydro-

carbons are included in the composition of petroleum. Olefinic (al-

kenes) and diolefinic (alkadienes) hydrocarbons are rarely encountered

in petroleum, but are formed in great quantities during the thermal

treatment of the petroleum. In terms of its chemical composition petro-

leum is classified according to the predominance of hydrocarbons of

certain classes, imparting specific properties to the petroleum, with

these properties characteristic of the classes in question. The over-

, whelming majority of petroleum deposits are of the composite type:
-methane-naphthenic, naphthenic-aromatic, methane-aromatic, etc.

Of the paraffinic hydrocarbons (saturated, normal and iso-

structure) the majority of the representatives of this class, begin-

.ning with the simplest hydrocarbon, methane, are encountered in the

composition of petroleum.
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Of the naphthenic hydrocarbons (cyclic), designated in this manner

by their discoverer, V.V. Markovnikov, the outstanding Russian chemist,

the naphthenes whose closed cycles are formed predominately by live and

. six carbon atoms, i.e., the penta-and hexa-methylene series, are found

in petroleum.

Aromatic hydrocarbons are encountered in petroleum both in the form

of their simplest representatives (benzene, toluene) as well as in the

form of more complex compounds.

By means of the basic reactions in organic chemistry: halogenation

- (the introduction of Cl, F, Br into the composition of the hydrocarbon

molecule); nitration (the introduction of the nitrogroup NO); sulfona-

tion (the introduction of the sulfur group SOOH); oxidation, etc., fromS
the petroleum hyd) :cnrbons their deivatives are obtained, and these are

used either as semifinished products for subsequent synthesis or as fi-

nished products.

Nitration of paraffinic hydrocarbons, discovered by M.P. Konovalov,

is used to obtain the nitroparaffins which are utilized as solvents for

lacquers and-paints as well as semifinished products for the synthesis

"of explosive materials, etc.

. The nitration of aromatic hydrocarbons is employed to obtain such

important nitrogen compounds as nitrobenzene which is reduced to aniline,

trinitrotoluene (trotyl), and trinitrophenol (picric acid). The latter

are powerful explosives; moreover, they are used as semifinished products

for the synthesis of dyes.

Some of .the most important products ame obtained through the oxida-

"tion of the hydrocarbons. For example, the oxidation of ethylene is used

to obtain ethylene oxide which is used for the production of synthetic

rubber, artificial fibers, imitation leather, explosives, plastics, .

and lubricant additives, etc.

• % o-.o -6-



Methyl alcohol is obtained by the oxidation of natural gas which

consists primarily of methane. The incomplete oxidation of methyl al-

cohol is used for the production of formaldehyde which is used exten-

"sively in the production of phenol-formaldehyde resins as semifinished

products for the production of various plastics.

Urotropine is obtained by combining formaldehyde with ammonia;

urotropine was first synthezied by the founder of the theory of the

chemical structure of organic compounds, A.M. Butler. Urotropine is

used in the production of explosives, certain plastics, and as a madi-

cinal preparation.

"Products obtained in the chemical refining of petroleum and petro-

leum gases are used successfully in the place of products obtained from

grain, potatoes, and other raw foodstuffs, such as are used in the pro-

duction of synthetic rubber, detergents, consistent lubricants, etc.

The expansion in the production of synthetic plastics, and arti-

ficial fibers and fabrics is based primarily on products obtained

through the chemical refining of petroleum and petroleum gas. For ex-

ample, in order to obtain the well-known synthetic fiber oaprone, we

use the organic compound caprolactam (CsH oCONH), obtained from phenol,

,. as the initial semifinished product.

For the synthetic fiber "lvsan" (terylene), the basic raw materials

are the following: the aromatic hydrocarbon p-xylene, dibasic alcohol,

ethylene glycol, and methyl alcohol. All of these initial materials are

petroleum products.

The domestic petroleum industry- one of the basic ventures of

heavy industry - undervent its greatest expansion after the Great Octo-

ber Socialist Revolution. During the years of Soviet power, the petro-

leum industry underwent complete technicJ. reconstruction. A petroleum

base area was set up in the eastern regions, between the Volga and the

o4' ' ,2-. S ". .. 4 4~ , 4.",- , . . . . . . .. - , ° -., .. ,. .. - :..*' a. . • .-.. 4 , * ,, . '. ' , - * .-. , ,--,.*-' ,



.7 Urals. Completely new plants have been built, and old plants were re-

built, to handle the production of specific and required qualities of

gasoline.

In 1960, 148 million tons of petroleum were produced. Simultaneous-

"ly with this increase in the production of petroleum, the refining of

"petroleum is being expanded and intensified. New and improved industrial

procerses and methods for the production of fuels and lubricants are

being introduced.

The 21st Congress of the CPSU established guide figures for the ex-

pansion of the national economy of the USSR for the period 1959-1965,

and these called for high rates of development (expansion) in bo.th the

petzo.erm and ge:, ii,dustries. Particular attention was devoted here to

the subsequent development of the eastern regions of the USSR.

The prod".ct..on of petroleum by 1965 is to reach a level of 230-240

million tons, i.e., an increase by a factor of 2 in comparison with the

year 1958,

The petroleum refinery capacity must be increased during this period

*-- from 1959 to 1965: the capacit, for the primary refining of petroleum

"must be increased by a factor of 2.2-2.3; the catalytic cracking capa-

"city must be increased by 4 factor of 4.7; the catalytic reforming ca-

pacity must be increased by a factor ojf 16-18; and thf, production of

lubricants must be increased by a factor of 2.

" The planned volume of refining capacity will be completely adequate

to cover the needs of the national economy with respect to petroleum

products atid will make possible substantial improvements In the quality

and operational characteristics of automotive gasolies, diesel fuels,

* -• and lubricants.

The production of gas will show an increase by a factor of 1$ -'

"1965, as opposed to 1958.

:*:.-:.... * - *~



The plans call for the extensive development of production faci-

"lities for synthetic materials on the basis of gases obtained during

the derivation of petroleum, natural gases, and the gases which are

"formed at the petroleum refineries.

During this seven-year plan, the production of artificial fibers

will increase by a factor of 4; the production of plastics and synthe-

tic resins will increase by a factor of more than 7.

THE HISTORY OF PETROLEUM

Petroleum is known to us from very ancient times. Archeological

investigations have established the existence of petroleum and asphalt

: !!processing facilities as far back as the years 4000-6000 B.C.

For a long time, crude petroleum was gathered from natural surface

•. pools, and later on it was extracted from shallow (up to 1-2 m deep)

r• specially prepared pits (diggings). It goes without saying that only

very small quantities of crude petroleum could be extracted by such

technically imperfect methods.
*.

From the middle of the 19th century, the demand for crude petro-

leum as a raw material for the production of "illuminating oils,"

increased sharply; these oils were used for purposes of lighting homes,

industrial sites, and trade buildings, and these oils were also used

for the production of lubricants. The utilization of a new and more

V- progressive method of extracting petroleum by means of drilling through

the earth's crust came into being.

Initially, the drilling depth for the extraction of petroleum in-

volved only several hundreds of meters; at the present time, oilwells

can be drilled to depths of 3000-6000 m and even deeper.

"The demand for petroleum "illuminating oils" which resulted in

the development of petroleum-extraction processes may be attributed to

"the fact that by the middle of the 19th century the advantages of these

5 - ~ -9 -
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products over the animal and vegetable fats used prior to this time for

purposes of illumination became clearly evident. From that time on, the

production of kerosene developed.

With the appearance of internal-combustion engines, arid with the

- : improvement of the latter, there arose a need for the most varied of;-'-V{5 ?

fuel-lubrication materials and primarily for gasolines. The demand for

these products is constantly on the increase. This provided a new in-

centive for the expansion of petroleum extraction and petroleum re-

fining.

Many outstanding Russian and Soviet scientists and engineers work-

ed and are continuing to work in areas of investigating and refining

petroleum.
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C .' Chapter 2

DATA ON THE PRODUCTION (TECHNOLOGY) OF LIQUID FUELS

The primary raw materials for the production of contemporary liquid

fuels are petroleum, coal, shales, natural gases, and the gases which

are formed in the refining of petroleum and in the processing of coal.

,- In addition to direct distillation, there now exist on an industrial

scale a number of thermal and catalytic processes for the refining

of petroleum and these make it possible not only to produce liquid

* fuels but also make possible the control of these processes in order

*to obtain fuels of required quality. These methods are based on pro-

cessed involving the transformation of the molecular structures of the

hydrocarbons which serve to make up the initial raw material.

* In addition to the purely synthetic processes of producing fuels,

the processes involved in the refining of low-quality fuels (obtained

"either from petroleum or from synthetic fuels) into high-quality grades

have come into widespread use, as have the processes involved in the

production of specific groups of hydrocarbons or even individual hydro-

"4 carbons which provide for the high quality of liquid fuels.

DERIVATION OF LIQUID FUM FROM PETROLEUM

-.Direct Distillation

Individual fractions are extracted from petroleum (crude oil) in

.drect distillation by means of successive or simultaneous vaporization

. - of these riactions, separating the vapors formed as a result and subae-

quently condensing these. Thit is the simplest and oldest method of

A 'petroleum refining.
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Fig. 1. Schematic arrangement of
bubble-tray tower of a topping plant
for the initial distillation of a
crade oil. A) Oil; B) gases; C) gaso-
line; D) ligroin; E) kerosene; F) gas
oil; G) mazout.

At the present time, bubble-tray towers of high capacity and

"- great economy of operation are employed to carry out the direct

distillation of the crude oil. The basic elements in these installa-

tions are the tube-still heater, in which the liquid portion of the

petroleum is separated from the vapors that are formed, the rectifl-

cation column and its auxiliary columns in which the vaporized portion

of the crude oil is separated into individual fractions the distil-

lates; in addition, there are heat exchangers, condensers, receivers.,

pumps, etc.

There are a number of structural versions for direct-distillation

* .• installations: 1) with single vaporization of the entire portion to be

distilled, in a single column; 2) with double vaporization of the por-

tion to be distilled, in two successive columns; 3) with preliminar"

"vaporization of low-boillng fractions in individual vaporizer, after

heating of the crude in heat exchangers.

• "•ure I shows a seheinatle arrangement or an installation witn
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single vaporization. The petroleum is supplied under pressure through

three distillation heat exchangers 4 by means of a centrifugal pump

5, and the petroleum is then continued through the decontaminator

6 and the oil heat exchangers 7 and, having been heated to 170-175,

the petroleum enters the tube-still heater 1. Heated to 330° in the
tube-still heater and partially vaporized, the crude oil (petroleum)

epters the rectification column 2 that has been fitted out with

strippers 3. Gasoline and its side distillates - ligroin, kerosene,

and gas oil - are removed in the column. The gasoline is withdrawn

from the top of the column, and the side streams may be withdrawn

through the strippers. The gasoline vapors are condensed and cooled

in heat exchanger 4 and condenser 8. Passing through the gas separator

12, the gasoline enters receiver 9; a portion of the gasoline is with-

drawn from the latter by means of pump 10 in order to flush the column.

The side distillates, having passed through the heat exchangers and the

condensers, are directed to the receivers. The mazout is pumped by

means of pump 11 from the bottom of the column through heat exchanger

7 and the condenser to the receivers.

With direct distillationliquid fuels are obtained only in such

quantities as are actually present in the initial crude oil.

With the growth in aviation, automotive, and tractor equipment,

the need for liquid fuel increased sharply and the quantities of fuel

derived through the direct distillation of petroleum proved to be

inadequate.

Approximately 30 years ago this led to the industrial development

of processes for the derivation of gasoline from high-boiling petroleum

products consisting of relatively large hydrocarbon molecules, said

derivation accomplished by the zplittiLg of these large molecules into

the smaller hydrocarbon molecules of which gasolines are composed.

-13-



This process, taking place at high temperatures, was designated as the

"cracking" process.

"We distinguish between thermal and catalytic cracking. The latter

is carried out at lower temperatures, but in the presence of catalysts.

Thermal Cracking

"The final industrial execution of the thermal-cracking installation

depends on the conditions of the process (temperature, pressure), the

composition of the initial crude oil, and the purposes for which the

"final products are to be employed.

The various types of thermal-cracking installations existing at

the present time can be reduced to three basic processes: 1) high

pressuze cracking; 2) coking or cracking of the residuum at low

pressure; 3) pyrolysis or high-temperature cracking at low pressure.

Formerly, typical crudes for thermal-cracking were the kerosene-

gas-oil fractions, and the final product was gasoline. At the present

time, low-grade heavy petroleum residues are subjected to cracking,

and the final products, in addition to gasoline, include a wide ftraction

(which serves as the raw material for catalytic cracking) and a gas

(which serves as raw material for chemical refining procedures).

Coking carried out in order to ebtain a lightened wide fraction

(which is then subjected to the subsequent ri-einin stage) and petro-

3.eum c~oke.

"Various raw materials are subjected to pyrolysis in order to obtain

a gas rich in unsaturated hydrocarbons (used for chemical processing),

and aomatic hydrocarbons.

Heat causes the omaponent hydrocarbons or the petroleum crude to

undergo a number of changes. The trend and the extent of the reactions

that take place in this case are defined by the conditions of the

process and by the raw material itself. The basic process r•action I
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Fig. 2. Schematic arrangement of
"dual-tube (furnace) thermal-cracking
installation. 1) Light-cracking
furnace 2 ; deep-cracking furnace
(tube); 3) vaporizer; 4) 1st column;
5) 2nd column; 6) hot-feed pumps;
7) flushing pumps; A) cooling; B)gas;
C) cracking gasoline; D) cracking "as;
residue; E) mazout.

independent of the conditions - we refer here to the splitting of a

- more complex hydrocarbon molecule into a number of less complex

Smolecules. As a result of this splitting reaction, gasoline and gases

are obtained.

3In the breaking up of the hydrocarbons, unsaturated molecules

are formed. Therefore all gasolines and gases from the purely thermal

processes contain unsaturated hydrocarbons; there are more unsaturated

hydrocarbons in the hIg.h-temperature products than those produced by

means of low-temperature procetses.

With thermal-cracking consolidation and condensation of the split

molecules take place, together with the formation of heavy residues and

S 2 ccoke, as well as the reactions of aivmatization, isomerization, etc.

An inc.-ease in the pressure of the process enhances the consolidation

reactions (polymerizatlon, alkylation, etc.), and an increase in tern-

perature enhances the reactions ofC splitting, corAensation, and7ý-,

S :' '" ""aromatization.

.Haw Iterials having higher molecular weights (erosene, g oil

-15-
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and mazout) are easily broken up at lower temperatures than are the

lighter raw materials such as ligroin and especially gasoline. The

* latter two, in the case of thermal-cracking, show greater tendency to

reactions of aromatization, dehydrogenation, and isomerization, which

result in the formation of aromatic hydrocarbons, and unsaturated and

- isocompounds.

At the present time there exists a great quantity of various types

of thermal-cracking installations.

SFigure 2 shows the basic arrangement of a very common dual-tube

(furnace) cracking installation which makes it possible to employ

mazout as the initial raw material. The installation consists of a

light-cracking furnace in which the initial mazout is subjected to

". cracking, and the installation further consiLts of a deep-cracking

"furnace in which the products of the mazout decomposition and the

lighter fractions distilled from the mazout are subjected to cracking.

The initial mazout is passed through a heat exchanger into one of the

rectification columns where, encountering the vapors coming from the

vaporizer, condenses the heavier portions of these vapors, and simul-

taneously the lightest fractions are vaporized from the mazout.

The mixture of the mazout residues and the heavy intermediate

fractions are collected at the bottom of the column by means of a pump

* and passed into the light-cracking furnace. The derived light inter-

mediate cracking fractions in mixture with the cracking-Sasoline, the[ • tau, and the solar distillat- distilled from the mazout, are vithdrawn

f rom the top of the column and supplied to the second column, where

the cracking-gaooline and gSA fraotions are separated from the remain-

ing products. The latter are collected by meanz of a pump from the

bottom of0 the column and fed to the deep-cracking furnace where the

bazic cracking process takes place. The cracking products from the t

1 l6



furnaces are mixed and dLrecoted to the vaporizer. In the latter, the
cracking products are separated from the cracking-residue which drips
"down into the vaporizer and is directed into the first column.

The temperature in the light-cracking furnace is 470-4800 and in
the deep-cracking furnace it is 500-510°. The pressure at the inlet to
the first furnace is 40-45 atm and it is about 50 atm at tle inlet to

the second furnace.

The yield of cracking-gasolines may change within an extremely

Swide range (from 25-30% to 65-70%), depending on the raw material and

the operating regime of the installation.

The cracking of light raw material - kerosene and gas oil - as

well as of gasoline (for purposes of changing the chemical composition

of the gasoline) is carried out in single-furnace cracking installations.

In the cracking of gasolines, the process is carried out at a tempera-

ture of 550-560° and at a pressure of 20 atm.

Prolys~is is a high-temperature cracking process (650-7000 and

higher) which takes place at atmospheric pressure. In the case of

pyrolysis, in addition to the intensive breaking up of the original

Shigh-molecular hydrocarbons, there take place reactions involving the

subsequent transformation of the products being split, and these re-

sult in the formation of aromatlc hydrocarbons. However, the high gas

* yield in the case of pyrolysis (up to 50%), with this gas rich in un-

saturated hydrocarbons, predetermined yeL another purpose for pyr.oly-

sis, i.e., the production of a gas used for chemical processing.
oy,:%lyuis is carried out. in retorts or gas ,enerators. The pri-

mary raw material for pyrolysis is a kerosene dilstillate. Pyrolysis

IOa gas (up to 50%), tar (-4%), ca-bon black, and coke (1-2).

In the dittllation proceOS, 35",0% of light Oil are ;eparated

" rom the tar (the fr'action below 1700), and green pyrolysis oil (175-
3500 fmction); liquid pitch is foI md in the residue.

S ) - 17 -
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The green pyrolysis oil is a product of little value and has no
--special application. The pitch is employed to obtain an ash-free coke.

The light oil enters the first rectification column and is sepa-
rated into its fractions: the benzene head, and the benzene, toluene,

.: and xylene fractions. The obtained fractions (with the exception of

the benzene head) move on to the sulfuric-acid cleansing process, and

"then again to the rectification process for the derivation of pure

aromatic hydrocarbons. The intermediate fractions, remaining after the

. separation of the aromatic hydrocarbons, are employed as components

-'! for liquid fuels. The separated aromatic hydrocarbons are used as corn-

4 onents in aviation fuels or as raw materials for chemical processing.

* - There exists another method for the processing of light oil, and here

the individual aromatic hydrocarbons are not separated from the light

oil, or only toluene is separated from the light oil. In this case,

the light oil is separated from the benzene head and the remaining

fractions; then the light oil is purified and released in the form of

a mixture of aromatic hydrocarbons (up to 80-85%) with this mixture

** .4. referred to as pyrobenzene.

* The output of final aromatic hydrocarbons in pyrolysis is not

great and does not exceed 15-20% of the raw material.

Catalytic Crackin

Catalytic cracking differs from thermal c:rackLng in that the hydro.

- • carbon vapors are the raw material being cracked or passed above a

.4*. cataoly., i.., a subutance which ac-celerates and guides the course or

*. C i•! the reaction. With the use of catalysts the temperatuve of" the hyo-

carbon decomposition drops and products quite unlike the themal-

crackl:tg poducts In term of quallty et'e produced.

-e know of a great many chemical compomida that are capable, to

"sore extent, of acting as catalysts L! the cracking process. .

At the present time, aluminosillcates ave the most cc•on o f

-.- - -
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catalysts for this process; these are conventional clays processed and
enriched with admixtures of oxides of nickel, cobalt, copper, manga-

.! nese, and other metals, or with special synthetic masses.

In the presence of these aluminosilicates, the breaking up of the
hydrocarbons begins at 300-3500 and takes plane most intensely at 450-
5100. The craoking in carried out at atmospheric pressure or at a small

pressure of 2-3 atm. During the process, the catalyst is covered with

*: carbon deposits and its activity diminishes. To restore the activity

of the catalyst, the carbon deposits are periodically rempoved by flush-

ing the catalyst with air at a temperature of 510.

There exist three basic industrial catalytic-cracking methods,

based on the utilization of an aluminosilicate catalyst: a) with a

fixed catalyst; b) with a movable catalyst; c) with a powder "free-

flowing" or pseudoliquified catalyst.

Cracking with fixed catalyst (Fig. 3).

In this process the catalyst is charged into the contact chambers

in the form of a small-grain porous mass exhibiting high mechanical

strength; varying quantities of vapors are the product to be subjected

to cracking or passed through these contact chambers, as is the air for

the regeneration of the catalyst. The operating cycle for the chamber

consists in four operations: I) the actual cracking (10 min.); 2) flush-

ing with steam to remove the hydrocarbon vapors from the chamber (5 min. );

3) regeneration of catalyst (10 min.); 4) flushing with ste.3m to remove

products of combustion from chamber (5 min.). Consequently, the entire

cycle is completed within 30 minutes.

In order to provide for continuous operation of the installation,
"3-6 chambers operating in series and switched automatically, are set up

because each of the chambers functions only periodically.

The reaction chambers are cylindrical columns that are 11 m high,

3 m in diameter, and each equipped with three series of tubes.

-19
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Fig. 3. Schematic arrangement of catalytic
cracking installation with fixed catalysts.
1) Tube-still heater; 2) reactors; 3) air
heater; 14) turbine compressor; 5) heat ex-

re changer; 6) rectification column; A) fatty
gas for stabilization; B) aviation gas for
stabilization; C) ligroin; D) catalytic gas
oil; E) charge; F) fresh air; G) flue gas.

S .T The catalyst is placed in the space between the tubes. The first
*r series (bank) of tubes is used to supply the vapors of the raw material

to be subjected to cracking, as well as to carry the air and steam; the

second bank is employed for the removal of the cracking products, the

products of coke combustion in the regeneration of the c&talyst, as

well as the excess air and steam employed in the flushing process; the

third serie3 of tubes is employed for the circulation of the fused

"salts which remove the heat of regeneration and maintain the temperature

duriug the cracking process.

""Th row material (charge) -or cracking generally consists of kero-

sene, gas oil, and solar fractions.

The catalytic-cracking products can be used both as automotive and

aviation gasolinea. To produce aviation gasoline, the raoking is

" done In two stages. The products of the first stage, which boil below

" 210-220°, are again passed through at a temperature of 400-4500 over

the catalyst and subjected Ier tcatltc ufc.o.Ihr -",a. - i".,-



.o The basic cracking process takes place during this first stage,

S.2-.: and here the gasoline containing a comparatively large percentage of

unsaturated hydrocarbons is formed. During the second stage, these

hydrocarbons are subjected to isomerization, cyclization, and hydro-

genation, as a result of which the gasoline is enriched with iso-

paraffinic and aromatic hydrocarbons.

The yield of aviation gasoline from the two-stage process

amounts to 25-28%. The yield of automotive gasoline frow the single-

stage process amounts to 40-.45%.

In addition to gasoline, the catalytic cracking process forms

15-21% gas, 40-50% gas oil, and 5-7% carbon deposits.

Unlike thermal cracking, no such valueless product as cracking

residue is formed during the catalytic process.

In the catalytic cracking gases there are 35-40% unsaturated

hydrocarbons (of these, up to 20% are butylenes), as well as up to

25-30% isobutane. Therefore catalytic-cracking gases serve as valu-

able raw material for the production of the high-.octane aviation-

gasoline component -- "alkylate."

Cracking with movable catalyst (Fig. 4)

Natural clay (aluminosilicate) in the form of grains (pellets),

or a synthetic "bead" catalyst with spheres having a diameter of about

3.5 mm, are used as the catalyst for this process. The "bead" catalyst

is now being used predominantly.

The process involves the passage of the vapors from the product

bei ag-, ked into a reaction chamber through a catalyst moving to.

ward these vapors. A number of baffles have been installed in the re-.

action chamber, and these are intended to provide for a closer and

longer contact between the vapors of the petroleum product and the

"catalyst. The vapors enter from the bottom and are removed from the

:'21-
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ofcracknntalystio; 6)hmoal catalyst.hpe;7 lvtr
10) cycon separators; 2) codevier for retoval
ctof coustn 12) hPper; for freshfo caalst;n
13 cathopper;for catalyst finpes; 14) airvblowr;
15fle)a regenerator op r; 16) vapoeseprator;

17) turbine compressor; 18) distributor grids
for catalyst; 19) reactors; 20) vaporizer;
21) tube-still heater;

* LINES: I) removal (descent) of catalyst dust;
II) vapor-mixture feed; III) removable (des..
cent) of spent catalyst; IV) products-of-

* ~reaction feed: A) gases; B) gasoline for stabi-.
lization; C) cracking chargei D) light gas oil;
E) flue ases; F) residue; GS outgoing flue
gases; Ii) flue gases; I) hot water; J) fuel;
K) vapor.

top of the chamber, whereas the catalyst., conversely., moves freely

from it* hopper and enters from the top o1f the chamber and is removed

* at .tho bottom of the chamber. Tho apent catalyst leaves the chamber by

means of a scoop conveyor and is takesn to the top of the regenerator whcere

it p~~asses thog series ofsuccessivezoebfreeah.% ck''

air. The regenerated catalyst is taken from the bottom of the r
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tor in a second scoop conveyor which carries the catalyst back to the

hopper.

There are several structural versions of a cracking installation

involving the use of a movable catalyst.

"The process is conducted at a temperature ranging from 480 to 5000

and at a pressure between 0.7 and 1.1 atm. With the "bead" synthetic

catalyst the yield of aviation gasoline reaches 30-50%, by volume, and

the yield of automotive gasoline attains 40-65%, by volume. Aviation

gasoline, as in the case of cracking with a fixed catalyst, is pro-

duced in two stages.

Cracking with a pseudoliguefied catalyst

The catalyst in this process (natural

"3. . clays or a synthetic aluminosilicate cata-

•I* It "lyst ground down to a fine dust with a

particle dimension of 300 mesh or lower)

"is introduced into a stream of a charge

that has been vaporized in advance and

"-... 5this stream is directed to the reactor.

""�..Se i rThe catalyst is carried through the re-Fig. 5. Schematic arrange-
ment of reactor and regen- action chamber by the stream of vapors
erator, with pseudoliqui-
"'ied (fluid) catalyst. I)
Reactor; II) bottom of re- and gases. The spent catalyst is ivmoved

.";* generator; k) p seudollqui-
gnar.pso.i from the vapors and enters the regenerator

ifed catalyst (boiling• ". "layer) ; B) stripper (annu-lyr;B trp r where it is picked up by hot air which
"lar) section; -) inlet for

"•" :4 •icharge and catalyst; 2) out.

let for spent catal yst ' burns off the carbon-lilke deposits from

outlet for products of re-
actions; 4) air inlet; 5) the catalyst surface. The catalyst enters

"inlet for air and catalyst- the cyclone separator from the regenerator
6) outlet for regenerated
"catalyst; 7) condense, together with the flue gases, and it sepa-

rates from the flue gases in the cyclone

-eparator and again enters the reactor.
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In newer installations, the catalyst is continuously introduced

into the vapor streams and mixed with these vapors it enters the lower

part of the reactor where a definite catalyst level is maintained.

The spent catalyst is continuously removed for regeneration from the

-bottom of the reactor (Fig. 5).

One feature of the structurally improved new so-called orthoflow-

process installation is the fact that both the reactor and the regener-

ator have been consolidated into a single combined piece of equipment

and are positioned one above the other, with the lines carrying the

catalysts and connecting the reactor to the regenerator situated on

the inside.

The temperature of the process ranges from 450-4800 and the pres-

* * sure varies from 0.8-1.6 atm.

For this process, high-boiling products all the way to mazout can

, be employed as the charge, as can coking products which boil off within

a range from 220-545*, and the gas oils of catalytic cracking.

The yield in cracking products and their quality corresponds ap-

"* •proximately to the yields for cracking with a movable catalyst (the

moving-bed catalytic process).

DERIVATION OF LIQUID FUELS FROM COAL

"There are three basic means of processing coals into liquid fuels:

coking and semicoking,, hydrogenation,, and the productioN..of water gas

which serves as the base for the subsequent synthesis of fuels.

In the case of coking and semicoking, we obtain products which

are primarily subjected to hydrogenation.

S"Hydrogenation. Various coals, as well as coking and semicoking

tars are subjected to hydr'ogenation. The process takes place at a high

, temperature (380-5500), and at a high hydrogen pressure (200-700 atm)

in the presence of special catalysts.
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:•'* The hydrogenation process is carried out in three stages. During

.the first stage, the process-takes place in the liquid phase in the

'•presence of a catalyst which contains an oxide of iron. Here a wide

,-fraction is obtained, which then enters into the senond hyjdrogenation

;istage which takes place at a temperature r~anging from 3t•0-440° and at

Sa pressure of 200-300 atm. above the tungsten sulfide deposited c.a a

"" special carrier.

V.,.

The hydrogenation products of the second stage are fractaonated,

with withdrawal of the gasoline fraction that is used as automotive

'.i gasoline.

pr After the removal of the automotive gasoline, the residue which

* frabegins to boil at 200w entersi the third hydrogenation stage which em-

**:ploys the same catalyst and takes place at 360-450a and at a pressure

eof 230-300 atm. After the fractionatgon of the shldrogenatdon products

aviation gasoline is obtained.

'•. New catalysts have recently been developed: a cobalt-ciolybdetum

catalyst on an al ofminum- he a i and a nickel catalyst on an alumi

nosilicate baseo which make It possible to carry out the hydrogenation

*'-" process at a lower pressure (below pa5 atm) and to obtain gasolines

with h2gher antiknock pArperties.

!DI Derivation of Uluid fuels from water gas. Water gas is a mixture

*of carbon dioxide and hydrigen in a 1:2 ratio. Water gas is obtained

i by passing steam through hot coals. Any tdpe of coal, beginln u with

ligcite and endib with cokei, may be used for this puttse. Thyre na

poeis executed in gas generators.

"The synthesis of hydrocarbons from water gas takes place over a

colbalt-rabnesium or an iron catalyst under a pressure of up to 15 atm

and at a tempedatug e below 200.

.- 5
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PROCESSES TO IMPROVE THE QUALITY OF THE BASE GASOLINES

Catalytic Reforming in the Presence of Hydrogen (Hydroforming)

The catalytic reforming process is intended for the improvement

of the antiknock properties of gasolines and ligroins by transforming

six-member naphthenic and paraffinic hydrocarbons into aromatic hydro-

carbons. In addition, the isomerization of five-member naphthenic hydre-

carbons into six-member hydrocarbons and paraffinic hydrocarbons into

isoparaffinic hydrocarbons.

The process involves the passage of raw-material vapors at tem-

Speratures ranging from 455 to 5370 and pressures ranging from 7 to

50 atm in a hydrogen atmosphere or in the atmosphere of a gas rich in

hydrogen through the catalyst.

The utilization of hydrogen in the process counteracts the inten-

sive formation of coke. It is for this reason that the catalyst can be

used for a long period of time without regeneration.

A great many varieties of catalytic reformLng processes have been

worked out, and thase differ from one another in terms of installation

structure and the nature of the catalyst employed.

Catalytic reforming is carried out primarily with two catalysts:

a platinum catalyst and one based on molybdenum. In addition cobalt-

N - " molybdenum and chrome catalysts are used. The platinum catalyst, to a

greater extent than the molybdenum catalyst, promotes the isomeriza-

tion reactions of nomal paraffinic hydrocarbons and the conversion of

"five-member naphthenio hydrocarbonz into six-member hydrocarbons. With

the platinmu catalyst there is less destruction of the paraffinic hydro-

,,.* .,. oarbons and the tomiation of coke is reduced to the minimum. Therefore,

a platinum catalyst can be employed for a long period o" time without

- regeneration and provides for greater yields of gasoline with bette.-

antiknock properties. However, this catalyst is easily poisoned 1:

-26



L

sulfur compounds.

""..- Reforming with a platinum catalyst is carried out in a fixed layer

of a reactor system. Existing installations can be divided into three

groups on the basis of the processes which these installations carry
out: a) without catalyst regeneration (platforming); b) with intemit-

tent regeneration of the catalyst, this step carried out whenever

necessary as, for example, as a consequence of the disruption of the

regime ("catforming," and Houdry forming); c) with periodic regenera-

tion of catalyst.

The platforming process takes place in the following regime: the

temperature range is between 455 and 4820, the pressure is below 50

atm, and the molecular ratio between the hydrogen and the raw material

is 10:1. Platinum, in a quantity of 0.1-1.0%, is applied to the activa-

ted aluminum oxide.

During the "catforming" process, the regeneration of the catalyst

takes place directly within the reactor. The catalyst is a combination

of the hydrogenating component (platinum) and the cracking component -

aluminum acid silicate. "Catforming" is carried out at a pressure of

33-35 atm. Daring the Houdry forming process, a dual-function catalyst

is employed: this catalyst exhibits great selectivity and is intended

to accelerate the reactions taking place during the reforming. The tem-

perature of the process ranges between 465 and 5100, and the pressure

is 20 atm.

As a result of periodic regeneration of the platinum catalyst, the

process can be conducted at a somewhat lower pressure (13-20 atm), and

this enhances the dehydrogenation reactions Aln which the aromatic hydro-

carbons are formed.

Reforming with molybdenum catalyst is carried out not only in a

fixed layer in reactors, but with moving caked or pseudoliquefied

. - .27-
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catalysts. Reforming in the fixed layer above the molybdenum-oxide

catalyst applied to the aluminum oxide was the first catalytic reform-

ing process, and became well known as "hydroforming." Hydroforming is

* carried out at 5370 and at a pressure between 20 and 35 atm.

. Reforming with a moving catalyst, or "hyperforming" is carried

out over cobalt molybdate at 425-4820 and 27 atm. The catalyst moves

very slowly in a continuous layer through the reactor downward under

the force of gravity and returns to the top of the reactor by means of

"a pneumatic elevator; the regeneration of the catalyst takes place si-

multaneously with the movement of the catalyst upward through the cata-

lyst lines. In the present of cobalt molybdate, simultaneously with the

dehydrogenation of the naphthenic hydrocarbons into aromatic hydrocar-

bons, the hydrogenation of the unsaturated hydrocarbons and desulfuri-

,.. zation take place. This makes it possible to subject not only direct-

. distilled gasolines but mixtures of these with cracking gasolines and

high-sulfur-content products to reforming.

There are two designs of catalytic-reforming installations with

pseudoliquefied catalysts (molybdenum oxide and aluminum oxide); the

reactor and regenerator are situated on one level and the regenerator

is positioned above %he reactor ("orthoforming"). The utilization of

"the process with pseudoliquefiod catalysts makes it possible to In-

crease the final-product yield, to improve its quality, and to employ

hishLor- lac products as raw materlal than is the case in "hydro-

-forming" (all the way to kerosene). In the case of catalytic reforming

with a chrome catalyst, a moving pellet catalyst is employed, i.e.,

synthetio aluminoorome gel which at a low hydrogen pressure (7-14 gage

pressuie) and a temperature or 5100 provides for a high degree of do-

sul•uuization and is easily regenerated at lower temperatumes than iu '

the case with the cracking catalyst. Because of these catalyst proe,-
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ties it becomes possible to prooess various types of raw material,

. .- whether high in sulfur content or products of thermal cracking.

Gasoline fractions boiling off within a range from 80-1800, and

in certain cases ligroin and even kerosene are generally subjected to

catalytic reforming.,

Isome'rization

Isomerization is employed for the pentane and hexane fractions,

which are removed from the catalytic-reforming gasoline. The purpose

Sof isomerization is to convert normal pentane and hexane, as well as

"hexanes with a single methyl group into more branched hydrocarbons,

exhibiting higher antiknock properties. At the present time, there are

SIthree various processes of isomerization; these processes are designat-

ed commercially as follows: "isomat," "penex," and "pentafining." In

the "isomat" process the aluminum-chloride hydrocarbon complex is activa-

ted by anhydrous hydrogen chloride, and this is supplied into the re-

actor in countercurrent to the charge. Isomerization takes place in the

liquid phase at 1200 and at a hydrogen pressure of 50-55 gage pressure.

The "penex" process is carried out witht a platinum unregenerated

catalyst in the presence of hydrogen. In the "pentafining" process, a

special isomerization catalyst is employed; this catalyst is a combina-

tion of platinum, silicon, and aluminum oxide. The "pentafining" pro-

coss takos place at a temperature of 426-480, and the hydrogen pres.s-

sure ranges from 20 to 40 atm. The catalyst is periodically regenerated.

In both of these processes the catalyst is fixed.

PURIFICATION OF IM, BASE GASOLImmS

Both direet-disoIllation gasolines and those gas-olines produced by

secondary refin~ig methods must be purified in the majority of cases In

""%" order to reduae~ the acidity and to remove the sulfur compounds, i.e.,

'S primarily hyWdrogen sulfide and the mercaptans.
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To reduce gasoline acidity, alkali purification is employed. The

latter is carried out on various types of equipment, i.e., mixers,

columns, and agitaters. Alkali purification is used also to remove

hydrogen sulfide. Here the mercaptans - primarily the lower - are also

partially removed.

The thermal-cracking gasolines are treated with Fuller's earth in

the vapor phase in order to remove unstable compounds.

Hydraulic purification, carried out either in the vapor or liquid

' phase, * is the best method for thorough desulfurization.

Vapor-phase hydraulic purification is carried out over tungsten-

-i nickel-sulfide at a pressure of 52.5 gage pressure. The temperature is

, a function of the fractional composition of the raw material, the de-

sired extent of desulfurization, and the activity of the catalyst, and

ranges between 230 and 3700. The catalyst is regenerated after a period

"of 2 to 4 months in the case of thermal or catalytic cracking, and after

10 months in the case of the direct distillation of the crude. The yield

of purified product attains 100% by volume.

The reduction in the mereaptan content in the gasolines is either

accomplished by removing these, or by means of oxidation into less

active compounds - disulfides.

* *.*The mercaptans are removed with a 43% alkali solution at 50-550 or

at standard temperature in the presence of salts of acid oils, capable

of dissolving the mercaptans into alkalis. To achieve this same effect.,

small quantities of tannin or propionic and butyric acids or alkylphe-

nols, are added to the caustic potash solution.

.Fo the oadadtion of th* merOaptana into disulfides, the gasolines

a-e treated with a sulfur-test solution, hypochlorite, sulfuric acid,

12% solution of caustic soda, containing 35 g/I of the decahydrate of,

sodium ferrocyanIde, and a number of other methods am4e also emplo:-.
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DERIVATION OF GASOLINE COMPONENTS

Such high requirements are imposed on the quality of aviation fuels

and certain grades of automotive gasolines that it Us, as a, rule, im-

* lpossible for direct-distillation gasolines and catalytic gasolines from

the refining of products obtained from petroleum or coal to satisfy

these requirements, and this is all the more true of the liquid fuels

:1I produced synthetically. Therefore in order to obtain fuels of the re-

quired quality, depending on the initial properties of the above-

enumerated base gasolines, either'special high-quality components are

added to these base gasolines, or their quality is Improved by sub-

jecting the hydrocarbons making up these gasolines to some chemical

transformations.

Aromatic and paraffinic hydrocarbons having structures which pro-

vide for high quality serve as components for aviation fuels and the

highest-quality automotive gasolines. The majority of these components

(alkylates, industrial isooctane, a3lylbenzen, etc.) are presently

being derived from thermal- and catalytic-cracking gases, as well as

through catalytic reforming in the presence of hydrnogen, and also

"through pyrolysis, in addition to being derived from natural gases.

Finally, in order to obtain certain aromatic components, the pyro-

lysiq of kerosenes is employed.

.Below we present some brier data and basic schemtic-Lndusttial

• flow charts of the processes uGed to obtain various components.

Pol~y ,rization and flydro~eeat i
In the case of polymerization, two or several -aecules of unsatu-

**. rated hydrocarbons are combined into a single more complex molecule.
The purpose (f the polymerLation process Is to obta.i liquid luels

or iuel components from crackin& and pyrolysis gazes, as well as frrm

the gases produced in the various catalytic processes employed for the
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refining of petroleum and coal products.

"Only unsaturated hydrocarbons enter into the polymerization re-

action: ethylene, propylene, the butylenes, isobutylene, and amylenes,"

if the latter are contained in the cracking gas.

The polymerization of the above-enumerated hydrocarbons is carried

out by either the thermal (high temperatures and pressures) or cataly-

tic methods.

.. K Catalytic polymerization is being used extensively at the present

time; the raw material for this method is exclusively the butylene

fraction of a gas consisting of butylenes and isobutylene (selective

polymerization). In the polymerization of such a raw material, pri-

marily a mixture of isooctylenes is formed. Turing polymerization, both

- . side products of reaction and unsaturated hydrocarbons are formed.

After the hydrogenation of the polymerization products, industrial

isooctane is obtained, and this is a high-octane component of gasolines.

Selective catalytic polymerization is carried out in the presence

of sulfuric or phosphoric acid.

-A ikylaton

By "alcylation" we mean the replacement of hydrogen in any organic

compound of the alkyl group (CH3-, C2H5-, 031-, etc.). in petroleum

engineering, the alkylation reactions that are associated with Joining

- of the unsaturated-hydrocarbon molecule to the Isoparalfinic or aroma-

tic hydrocarbon molecule round application, and thia resulted in the

formation of a product that was saturated in character. The alkylation

process is employed to obtain high-quality aviation-fual components.

2 There are two basic types of alkylation processes: ther-eal and
'a -'a ca"* +ta lytic.

Catalytic alkylation found greater application than did thc-ta-

1 6. alkylatLon. Isobutane and benzene are subjected to catalytic alkyŽaU.
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"and as a result we obtain products that are eithei paraffinic or aro-

-matic in nature.

Alkylation of isobutane

The catalytic alkylation of isobutane takes place in the presence

of sulfuric or phosphoric acid, or in the presence of aluminum chloride.

Sulfuric-acid alkylation (Fig. 6) is employed primarily for the

alkylation of isobutane with iso- and n-butylenes

In the alkylation of isobutane with butylenes, the basic reaction

product is a mixture of isooctanes: 2,2,3-trimethylpentane and 2,2,4-

trimethylpentane.

In addition, the sulfuric acid results in a number of side reac-

tions as a result of which paraffinic hydrocarbons of both higher and

lower molecular weight than the isooctanes are produced.

The mixture o+ the paraffinic hydrocarbons - the products of the

alkylation of isobutane with butylenes - has been designated as an

alkylate.

The conditions for the alkylation process have a substantial ef-

fect on the yield and quality of the final alkylate. The optimum rela-

tionship is 5-6 moles of isobutane per 1 mole of unsaturated hydro-.

carbons.

In the presence of hydrofluoric acid, unlike sulfuric-acid alky-

lation, isobutane is as easily alkylated with propylene, butylenes,

and amylenes. The introduction of propylene into the process of alky-

lation approximately doubles the raw-material reserve.

Hydrofluoric-acid alkylation takes place- at room temperature. For

alkylation, 100% hydrofluoric acid is used; the molar ratio of the iso-.

butane to the unsaturated hydrocarbons varies from 3:1 to 1.5:1.

"In the presence of aluminum chloride, the alkylation of isobutane

is carried out with ethylene and propylene.
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Fig. 7. Schematic arrangement of phospho-
rio-acid alkylation of benzene. 1) Accumu-
lator; 2) pump; 3) heat exchanger; 4) va-
porizer; 5) reactors (only one shown); 6)
depropanizer; T) water cooler; 8) propane
accumulator- 9, column for separation of

A benzene; i01 benzene accumulator; 11)
column for separation of isopropylbenzene;
12) isopropylbenzene accumulator; 13) hnt-
oil boiler; A) propane-propenen. fraction;
B) benzene; C) water; D) circulatLng ocn-
zene; E) propane fraction; F) cumene;
G) residue

interval between 15 and 30 atm.

For alkylation .we use gases from cracking or pyrolysis, these

gases containing either the unsaturated hydrocarbone from ethylene

to butylene, depending on the production conditions, or a mixture

of ethylene with propylene or a mixture of propylene with butylenes,

or, finally, ethylene, propylene, or butylenes - each separately.

"Figure 7 shows a diagram of a phosphoric-acid installation for the

alkylation of benzene with propylene.

DERIATION OF JET AND DIESEL FUELS

,, Jet and diesel fuels are obtained primarily through the direct

"4 distillation of petroleum. However, the quantities of catatylic-

cracking products employed as diesel fuels increases each year. Thermal-

""-cracking products are also finding application as components for jet
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and, partially, for diesel fuels.

In the production of jet and, particularly, of diesel fuels from

paraffinic and sulfur-bearing petroleums, it becomes necessary to de-

vise special methods for the processing and purification of these

fuels. Thermal-cracking products are subjected to purification, as are

"the highly aromatized catalyti--cracking products.

The direct distillation products obtained from paraffinic petro-

. leums are subjected to deparaffinization which can be carried out in

either of two ways - the destructive freezing of high-melting paraffli-

nic hydrocarbons in the presence of solvents, with the subsequent fil-

tering of the fuels; and the improved carbamide method which has come

into industrial use in recent years. This method is based on the capa-

city of carbamide to form solid complex compounds with the paraffinic

hydrocarbons contained in the distillates of jet and diesel fuels at

-' ordnary temperature. The formed complexes are easily separated, as a

result of which it becomes possible to obtain a fuel with a low pour

point without the use of expensive cooling methods. Generally, a meth-.

anol solution of carbamide is used.

In the diesel Paels obtained from sulfur-bearing petroleums, the

sulfur content attains 1.0-1.2%, and iai certain cases even 1.5-1.6%.

The successful desulfurization of such fuels can be accomplished only

through catalytic hydraulic purification which is accomplished by the

introduction of hydrogen from the outside (actually hydraulic purifi-

"cation), and by employing the hydrogen which is generated in the de-

hydiogenation of the naphthenic hydrocarbons contained in the crude

(autchydraulic purification).

There are several versions of the hydraulic purification process,

each differing from the other in the equipment employed. The hydraul .-

V.:2 purification process is generally carried out with a fixed a2.umi:,-
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cobalt-molybdenum catalyst contained in the reactor at a pressure

ranging from 10 to 70 atm (most frequently at 40-50 atm) and at a tem-

perature ranging between 390 and 4200. Under these conditions, the

destruqtive hydrogeration of the sulfur compounds takes place, with

the formation of hydrogen sulfide; under these conditions the unsatur-

ated hydrocarbons also experience hydrogenation, as do the oxygen- and

nitrogen-bearing compounds. Hydraulic purification provides for a 95-

98% degree of fuel desulfurization.

The process of autohydraulic purification is carried out with the

same catalyst, but at a lower hydrogen pressure (5-15 atm); therefore,

it becomes possible to carry out the dehydrogenation of the naphthenlc

hydrocarbons at a temperature of 4000 and highr. Autohydraulic puri-

fication is used only for a raw material enriched with six-member

naphthenic hiydrocarbons which serve as sources for the derivation of

the hydrogen. Therefore, this process is primarily carried out on a

direct-distillation crude or mixtures of this raw material with crack-

ing products. The desulfurization of diesel fuels amounts to 50-85%,

and of the gasoline-ligroin fractions amounts to 95-97%.

(Footnote]

Manu-
script
Page
-No.
30 The process in the liquid phase will be characterized in

the examination of the method used to obtain diesel and

jet fuels for which this process is most typical.
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Chapter 3

EVALUATION OF PHYSICOCHEMICAL PROPERTIES OF FUELS

The GOST for a fuel lists more than 15 different indices from

which we may draw inferences as to its properties.

Some of these indices may be used to obtain an idea of the fuel's
operational properties, i.e., a conception of how the fuel in question

will behave on combustion in an engine, how it will foul the engine-

with tarry products, whether it will cause corrosion of the engine and

tank components, the extent to which starting of the engine will be

made more difficult or easier, and so forth. Other indices serve to

characterize the chemical composition of the fuel and its component

:1:: parts and, conse'quently, express the operational properties of the

fuel only indirectly.

There are a number of indices that are used chiefly to check the

identity of fuel consignments; 'in determining the chemical nature of

a fuel, such indices are useful only in combination with others.

Each of the numerous indicators is important in itself, but only

the combination of all of them provides a complete conception as to

the properties of a given fuel.

These indices are extensively used in the following cases: in

quality control of the fuel in production, in operation, in research

worc and in development of new types of fuel, and in study of the

changes that take place in the properties of fuels under the conditions

"of storage, shipping, and use.

In using the indices, it is extremely important to know exact!:
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what the index in question represents, the numerical units and the pre-.-,

, ' cision with which it is determined, how it is related to other indices

and what operational properties of the fuel ean be evaluated using it

as a basis.

It is from this viewpoint that the present o..apter considers all

of the physicochemical indices used to evaluate fuel quality, with the

exception of octane number, grade and cetane munber, which, in view of

the specific points to be observed in their determination, are analyzed

in the chapter on evaluation of the detonation resistance of fuels.

V. I
S ' S@

Fi.8 iaga of stndr apaa o dis-

SA

Thegvo 8. Diagram of afeist Juda ged appriatus y foro dits-

tional composition and vapor pressure, or, in other words,, on the basisi

of the fuel's saturation 'vapor pressure.

Emoctional Comn~osiion

The fractional composition of a fuel Is determined on a standard

apparatus in accordan.e with GOST 2177.48 (Fig. 8). Essentially, the

test reduces to splitting the fuel into individual firactions. A 100-mi

sample of the fuel is poured into an Engler flask and heated. Passing
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through the escape tube, the

" - - - - - -- fuel vapors enter a condenser,

- - where they are condensed and flow

-, .. 1into a receiver (a graduatedcy-

2"0 - l linder). The temperature-at which

0 .-- the first drop of fuel enters the"...F9 0 O O N# lO IN SO0

B Temnepamypa,'C receiver is recorded as the ini-

"Fig. 9. Distillation curves of tial temperature of distillation.
fuels. 1) Aviation gasoline;
2) automobile gasoline. A) Per- Thereafter, in accordance
centafe boiled out; B) Tempera-
ture., C.wihteseiiainstfoh

for the fuel being tested, either

the temperature at which a certain percentage of the fuel (10, 50, 90,

- 97, 97.5, 98%) has been ccllected in the graduated cylinder or the dis-

tilled percentages of the fuel that correspond to specified temperatur-

es (100, 200, 260, 2700) are recorded.

If the terminal boiling temperature is normalized in the technical

specifications for the fuel being tested, the flask is heated until the

• mercury column of the thermometer stops at a certain level and then be-.

6ins to drop. The maximum temperature indicated in this process is re-

corded as the final temperature of the boiling range.

"For fuels in which the temperature at which 97, 97.5 or 98% has

boiled out is normalized, this temperature is taken as the end point

for the fuel.

The small quantity of fuel that remains in the flask after distil-

lation is measured and regarded as a residue. The difference between

"100 ml and the sum of the residue and the distillate collected in the

receiver is regarded as the distillation loss.

The fuel-quantity readings are taken to within 0.5 ml during di.s-

tillation, while the temperature readings have an error of less thlt.

"4- 0 -
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The following discrepancies are tolerated for two parallel deter-

-i minations of a fuel's fractional composition: 40 for the initial point

of distillation, 2' and 1 ml for the end and intermediate points of

fractional composition, and 0,2 ml for the residue. The results of dis-

tillation of a fuel may be presented in the form of a distillation

curve (Fig. 9): the temperature is plotted against the axis of abs-

cissas and the quantity of fuel (in percent) distilled at the temper-

ature in question against the axis of ordinates.

The fractional composition of a fuel influences the performance

of the engine and its service life. This influence is different for

different engines: in some engines it is very strong and in others

less noticeable.

Significance of fractional composition for a carburetor engine

The fractional composition of the fuel determines the manner in

which the engine starts, the time required to warm it up, operating

, troubles due to vapor lock and carburetor icing, reliability, fuel

consumption, the power developed by the engine, oil consumption and

wear of rubbing parts, and particularly of the piston- and-connecting-

rod assembly.

- - A relationship has been established between specific fractional-

composition indices and the behavior of fuels In carburetor engines.

*-The temperature at which 10% of the fuel has boiled out is used

"as a basis for predicting its starting properties and its tendency to

form vapor locks in the engine's fuel system. The lower the temperature

"at which 10% of the fuel has gone over, the better will be its startingr .' properties and the more easily will the engine start on this fuel, but

there will be a greater danger of vapor lock formation. The higher the

"temperature at which 10% of ths. fuel has gone over, the more difficult

will it be to start the engine, but the lesser will be the danger of

- 41
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K.. -. .L. vapor lock. In addition to the temperature of 10% distillation which

has come into most extensive use as an index to the starting properties

of a fuel, other points in the fractional composition which character-

ize the content of light fractions in the fuel may also be used to pre-.

"diet the starting properties of a fuel.

*. In combination with the Reid

vapor-pressure indices, the percen-

S . -. tage of the gasoline that has gone
55 Sno

over at 700 gives a rather good

0 K -I. I characterization of the starting

properties of a gasoline (Fig. 10).

If the minimum starting temperature

of an engine is -120 when a gaso-.

2 362 465 569 617 73 line with a vaporizability of 10%

" at 70* is used, then a gasoline
Fig. 10. Influence of distilled
percentage of fuel and Reid va- having the same vapor pressure but
por pressure on starting_ pro-
perties of gasoline. i) Boiled a vaporizability of 40% at 700 makes

.' out at 78% c, %;- 2) Reid vaporo"presutea m8% C, 2)Reid vapor ait possible to start the engine at
pressure,, mm lig; 3) starting at
-290. a temperature as low as -290 [1].

The temperature at which 50% of the fuel has cone over character-

izes its mean. vaporizability, which influences the reliability, warmlp

time and operating stability of the engine. The lower the temperature

at which 50% of the fuel has boiled out, the higher is its -aporizabi-

lity and the better will be the reliability and operating stability of

e• . the engine on the grade of fuel in question.

The temperature at whioh " of "he fuel has boiled out indicates

.'. that heavy fractions that are difficult to volatilize are present in

- the gasoline. The lower the temperature at which 90% of the fuel ha*s

gone over, the smaller is the amount of heavy fractions in it, t. -.
542



TABLE 1 complete will be the vaporization of the

Operating economy .on gas- fuel in carburetion and the more uniform
oline with vaporizability
of 33% at 700 and 56% at will be the distribution of the mixture
98.90 as compared with
operation on gasoline with among the cylinders.
a vaporizability of 23% at
700 and 46% at 98.90 [I] The research of Academician Ye.A.

nu-am 2 axonou,, 6manna, %* Chudakov [2] and numerous operationalS.upoer&, l
"WA Jamixo"ns AjaI1 4"o B 1 tests have shown that heavy, hard-to-

.-6 U vaporize gasoline fractions have a highly
-. 2 1t,2 .4,1 .8.0 5,4 17&0 514 1' . detrimental influence on the performance

of automobile engines. As the temperatures

1) Distance travelled, km; at which 50 and 90% of the fuel have boil-.
2) gasoline economy, per-
cent; 3) vehicle A; 4) ed out rise, fuel consumption Increases;
vehicle B.

l the heavy fractions of the fuel are not

burned. Some of them penetrate into the crankcase. Depending on the

quantity of heavy fractions in the gasoline, the combustion efficiency

may range from 10 to 70%.

Penetrating into the crankcase, the heavy gasoline fractions wash

the oil from the cylinder walls and dilute the oil in the crankcase.

This contributes to rapid wear of the engine parts and increased fuel

consumption, since the diluted oil has a stronger tendency to enter the

combustion chamber and pump out through defective seals in the crank-

case.

' .•The consumption of fuel in an engine depends not only on the pre-

sence of heavy, hard-to-vaporize fractions in the fuel, but also on the

"content of the fractions, which influence the reliability of the engine

in wintertime operation."ý'.

After an engine has been started in winter, it should be allowed

to run at low speed for a certain time in order to warm it up. The

"heavier the fuel, the more thoroughly must the engine be warmed up to
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prevent flooding when the speed is increased. Consequently, when hard-

to-vaporize fuels are used, the engine should be allowed to operate

longer at a low throttle setting before being opened up than is the

case when a readily vaporized fuel is employed. And the longer the

. . warmup period at part throttle, the higher will be the consumption of

gasoline.

When engines are operated under urban conditions, where stops are

frequent and the distances travelled do not exceed a few kilometers,

much fuel is consumed in warming them up. The influence of fuel frac-

tional composition on fuel consumption involved in warming up the en-

gine becomes more pronounced when the runs are shorter (see Table 1).

Influence of fuel fractional composition in the case of diesel fuel

In the case of a. diesel engine, the fractional composition of a

fuel influences fuel consumption, smoke content of exhaust, the ease

with which the engine is started, carbon formation and nozzle coking,

piston-ring scorching and wear of rubbing parts.

The sensitivity of the diesel-engine cycle to the fractional com-

position of the fael depends in many ways on the manner in which the

mixture is formed in the engine," since this influences the pressure,

temperature and turbulence of the charge in the combustion process.

The higher the pressure, temperature rnd turbulence of the charge, the

7.. leso strongly will the influence of fuel fractional composition make It.

self felt in the combustion process.

SFAh-speed diesels require a fuel with & lighter tractions. compo-

siltion than do low-speed diesels.

The use of a diesel fuel having a heavier-than-required fractional

"" , ompositicn in high- and low-speed diesels Increases fuel consumption,

"adveroely affects starting, Increases the rate of carbon-depczit fo-V- . .-
• * 0. asw'aahge t

" t~on, and causes coking of the nozzles, as wel! as a 1igher rate i.:"
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"wear of the components and an increase in the exhaust smoke content. =

An excessively light fuel fractional composition has an effect

on diesel performance that is no less detrimental than that of ex-

cessively heavy fuels.

As the fractional composition of a fuel prepared from a given

raw material becomes lighter, we have firstly a drop in cetane number;

secondly, a drop in the viscosity of the fuel (at very low viscosity,

wear of the fuel-supply apparatus increases, as does fuel leakage from

the system); thirdly, we have an increase in the diesel's operating

* "hardness", since the quantity of mixture prepared for ignition de-

* •pends on the speed with which the fuel is vaporized.

Saturation Vapor Pressure

The vapor pressure of a fuel, or the pressure of its saturated
.5

vapors, is one of the indices to its vaporizability.

Two standard methods are known for determining the saturation

vapor pressures of fuels: the bomb metho,. (after Reid, GOST 1756-52)

*& and the Valyavskiy-Budarov method (GOST 6668-53).

GOST !75 6 -52 met hod

The vapor pressure is determined in an aparatus (Fig. 11) con-

sisting of a steel bomb with two chamL 'rs: an upp -r air chamber with a

capacity of 516 cm3 and a loa,,r gasoline chiaber with a capacity of

129 cm3 , i.e.. the capacity of the air chamber is to the capacity of

"the gasoline chamber as 4:1.

The chambero communicate 1whrouh a tube. A manometer is inserted

In the air chamber to measure the pressure. For a test, the lower cham-

ber is filled with the fuel in question and the upper chamber screwed

on over it with the manomet er.

- Assembled in this matrner, the apparatus is Immersed in a bath con-

taining a liquid which is held at constant temperature.
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After the apparatus has been immersed in the

bath, the stopcock leading to the manometer is open-

ed and the manometer is read after 5 min. Then the

stopcock is closed, the apparatus is taken out of
.'-_.-• ,(V; .a

the bath, shaken vigorously, and replaced in the

-, -'bath; the manomet-er reading is again noted.

2 These operations are repeated every 2 min. When'-2
. ,the manometer reading no longer changes, the last

" reading is taken and corrected for the variation of

• ..4 air pressure as a function of temperature (computed

-- .- by formula or taken from the tables) to obtain the

"fuel's saturation vapor pressure.

Fig. 11d Bomb In accordance with the standard, the fuel vapor

ing vapor pre- pressure is determined at 38.00 and measured in mil-
* ssure of gaso-line. 1) Mano- Tevprpesr

meter. 2) wat- limeters of mercury or in kg/cm2 . The vapor pressure

* er; 31gaso-
"linevapoer; 34- of a fuel is influenced considerably by temperature/ ".'. :." line vapor; 4)me

gasoline to be and by the proportions between the vapor and liquldS..• ,-., tested.

phases, so that the vapor pressure is determined at

a certain constant vapor-to-liquid ratio and at constant temperature in

order to obtain comparable figures.

'21'i •" The disagreement between parallel determitons may not exceed

t5 mg t riom the arithmetic mean of the results being compared.

The ValyavsktLy-Budarov method (GOST 6668s53)

2The scaturation vapor pressure of a fluel is determi1ned from the in-

crease in volume of the air- and-vapor mixture after tte fuel has been

* t evcpuMted in a gas burette at oonestant pressure and a 1,1 ratio between

"the Initial volumes of the air and Cuel.w

a-•aThe ValyavskJLy- adarv apparatus (Fig. 12) consists oaf the :6 , ' "

i.n basic parts: the burette 1 with the direct co n$Latirg •tC.0-

4' '6

'* • .-..- t'~Vv'y~ *~~~
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thecapacity of the burette being about 30 ml

in the upper part and 20 to 25 ml in the lower

part (it is graduated at 0.2-ml intervals at

. - the top and 0.5-rn)l intervals at the bottom),

.8 7 'the T-pipe 2,which is fitted with the siphon
2. . "tube 4 and the barometric tube 10, the beaker

. $ 3 with the agitator 12, which serves as the

* bath, the thermometer 11 and the bottom-tube

-- - equalizing bottle 5. The bottle 5 is filled

with a .iauid that is not soluble in the fuel

* to be tested.-For example, when hydrocarbon

Fig. 12. Valyavskiy- fuels are to be tested, water is normally used
Budarov apparatus.

above 00 (with salt added), while antifreeze

(a mixture of ethylene glycol with water) is used below 00.

The following operations are performed to determine the saturation

vapor pressure of the fuel. By raising the equalizing bottle 5 above

the upper bend of the siphon tube 4 with the cocks 6 and 8 open, the

burette is filled with liquid. Then the cock 6 is closed and the bot-

tle 5 is lowered to a level at which the amount of air required for the

test rnmains in the burette (the water is drained slowly from the bu-

rette and air admitted by cracking the cock 6).

Then, with the cock 6 closed, the bottle 5 is lowered to a level

at which it is desired that the vapor- and-air mixture settle after ex-

pansion, and the fuel admitted cautiously into the burette from the

pipette 9, which is connected by the section of rubber tube 7, through

the cock 6.

After the equalizing bottle 5 has been adjusted so that the liquid

level in the barometric tube 10 is at the same height as the fuel level

in the burette and then held at this height for 5 minutes, the volume
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of the vapor phase is read from the upper meniscusof the fuel in the

burette.

The saturation vapor pressure of the fuel is computed by the for-.

mula

,.P. <:r .U y -vt (P at 497-

where Ptop is the saturation vapor pressure of the fuel in mm Hg, V1

. is the initial volume of the air (prior to evaporation of the fuel) in

ml, V2 is the volume of the air- and-vapor mixture (after evaporation

of the fuel) in ml, Pat is the atmospheric pressure in ram Hg and 49.7'
Fat

.," is the saturation vapor pres:*ure of the water in the burette at 380 in

mm Hg.

- The divergence allowed between parallel determinations is +2% of

the arithmetic mean of the results being compared.

"The saturation vapor pressure is used as a basis for inferences

as to the following:

1-) the presence of readily vaporized fractions in the fuel that

would contribute to the formation of vapor lock. The higher the fuel's

saturation vapor pressure, the larger is its content of low-boiling

" fractions and, consequently, the greater is the danger of vapor-lock

formation when &n engine is operating on such a gasoline;

2) the starting properties of the fuel. The higher the saturation

vapor pressure, the better the starting properties of the fuel and the

shorter the time required to start and warm up the engine;

3) the possible losses of fuel due to evaporation during storage.

The higher the saturation vapor pressure of the fuel, the greater will

be the fuel losses.

High fuel vapor pressure results in formation of vapor locks and,

increased storage losses on the one hand andd, on the other, -t i,

•--"-.., "448
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determining factor for ease of starting and rapid warmup of the engine.

It is impossible to reconcile such contradictory properties.

It is impossible to create a fuel that will not produce vapor locks

and, at the same time, will insure easy starting of the engine in both

winter and summer. Consequently, the fuels are produced with vapor pres-

sures such that the tendency to vapor lock will be minimized while the

fuel still possesses the required starting properties for summer and

autumn. For starting the engine in winter, however, it is necessary

either to preheat the engine or to use special starting fuels with high

"vapor pressures.

Evaporation Losses

The Budarov method (GOST 6369-52)

1.. •is used to evaluate the tendency of

'--- ' --- _-fuels to evaporation losses in decanting,

fueling, storage, shipping and other han.-

idling operations.

The essence of the method consists

- in determining the weight loss of the

- fuel (in % by weight) after ten times

the vclume of air has been blown through

Fig. 13. Budarov apparatus. it at 20° in a Budarov apparatus (Fig.

13), The apparatus consists of the following basic components: a mea-

suring flask 1 with a capacity of 100 ml for measuring out the required

quaxitity of air; the teat tube 2, where the air is bubbled through the

fuel, the beaker 3o which serves a& the bath, and the equalizing bottle

t r, xSuta tS on of wna~oh is to displace the air from the measuring

flask-i -with water flowing from the bottle into the measuring flask by

the iphon e Teot.

Evuation~of the tendency of fuels to suffer evaporation losses,
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using this method at 200, give the following results (in % by weight).

Isopentane . . . . . . . . . . . . . . . . . . . . 15.6

""k Automobile gasoline A-66 . ....... . . . .. 2.2

Aviation gasoline B-100/130 . . . . . . . . . 1.4
. - " A-66 (direct-distilled) . . . . 1.3

4" " B-95/115 • . . .. . . . .. 1.0
B-9 0.60

Benzene . . . . . . . . . . . . . . . . . . . . . o. 4.1

hLigroin . . . . . . . . . . . . . . . . . . . . 0o.14.
Rectified ethyl alcohol .......... . . . 0.11

Diesel fuel . . . . . . . . . . . . . . . . . . 0.066

"There is a relationship -between-evaporation losses and vapor pres.

sure. The lbsses increase with a certain increasing rate as the vapor

, .pressure rises.

VISCOSITY

-" Viscosity is the internal friction of a fluid.

Viccosity may be expressed in units of dynamic viscosity or In

ONknematic, specific, or arbitrary units.

If we take two layers, each with an area of 1 cm2 in a fluid at a

distance of 1 cm from one another and shift one layer relative to the

other at a rate of 1 am/sec, the resistance in dynes offered by the Ii-

"quid will be its dynamic viscosity. The viscosity of a fluid that re-

sists such displacement with a force of I dyne is taken as the unit
d

dyamic viscosity.

The unit of dynamic viscosity expresses in the CGS system (centi-
e

meter--ram-second) is known as the poise. One-one hundredth of a poise

is called a centipoise. The dimensions of thi poise are dynes-sec/cm2

or g&/emaec.

The kinematic viscosity is the ratio of the dynamic viscosit,,
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the density of the liquid at the same temperature.

The unit of kinematic viscosity in the CGS system is the stoke.

The dimensions of the stoke are cm2/sec. One-one hundredth of a stoke

is a centistoke.

The speoifio viscosity is the ratio of the dynamic viscosity of

the fluid in question to the dynamic viscosity of water:

"Normally, the dynamic viscosity of water at 200, which is 1.005

centipoise, is used; consequently, the specific viscosity is higher by

a factor of 100 than the dynamic viscosity, i.e.,

"" 1)A -00

The arbitrary or relative viscosity is the viscosity expressed in

arbitrary units as obtained on the various types of viscosimeters. Thus,

Sthe viscosity is measured in Engler degrees in the Engler viscosimeter,

in Saybolt seconds in the Saybolt viscosimeter., and in Redwood seconds

in the Redwood viscosimeter.

In the USSR, it is customary to express the arbitrary viscosity in

VU degrees, which correspond to Engler degrees. Usually, the viscositiez

of fuels are determined in Ostwald-Pinkevich capillary viscosimeters

. (with three expansione) or in Volarovich viscosimeters (with four ex-

pansions) in accordance with GOST 33-53. The determination reduces to

measurement of the time required for a certain volume of fuel to flow

out through a capillary. By multiplying the time of fuel outflow by the

capillary constant of the viscosimeter, we obtain the kinematic visco-

isty in centistokes; the viscosimeter constant is determined from the

time of outflow of a standard liquid from the capillary in question at

20. If it is necessax7 to express the viscosity of the fuel in VU de..

gives, the kinematic viscosity obtained is converted into VU degrees
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by reference. to formulas, tables, or graphs.

Viscosities are normalized in the GOST for ligroin, jet and diesel

fuels, solar oil and mazouts.

The viscosities of ligroin and jet fuels are determined in the tem-

perature range from +20 to -500; those of diesel fuels are determined

at +20 and +500, those of solar oils at +500, and those of mazouts at

temperatures from 0 to 1000.

Viscosity is one of the most important quality indices of a fuel.

. It is a factor determining the fuel's evaporation and combustion pro-

perties, the operational dependability and longevity of the fuel [bu-

rning] apparatus and the possibility of using the fuel at low temper-

atures.

HEAT OF COMBUSTION

Heat of combustion is a term applied to the quantity of heat (in

calories) liberated on complete combustion of 1 g or 1 kg of the fuel.

This index was encountered earlier under the name "fuel heating value."

We distinguish between the upper-limit and lower-limit heats of

"combustion. The upper-limit heat of combustion is the quantity of heat

s liberated with cbndensation of the water vapor contained in the fuel

"* .2 prior to combustion and that formed during combustion. The lower-limit

heat of formation is the quantity of heat liberated by 1 kg of fuel on

complete combustion less the heat expended in evaporating the water

present in the fuel before combustion and that formed in combustion.

The difterence between the upper-limit and lower-limit heats of

combustion ranges from 5 to 10% for petroleum products. Normally, the

lower-limit heat of combustion is used for thermal-engineering calcula-

tions and to evaluate the heat of combustion of motor fuels.

The heat of combustion of a fuel, expressed in kilogram-calozI.e ..

""*-''per 1 kS of fuel (kcal/kg) is known as the unit-weight heat of co:;
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tion, while that expressed in kilogram-calories per I liter of fuel

(kcal/liter) is known as the unit-volume heat of combustion. The unit-

volume heat of combustion is equal to the unit-weight heat of combus-

tion multiplied by the density of the fuel.

The operating radius of an aircraft, motor vehicle or ship de-

pends on the heat of combustion of its fuel, since the specific fuel

consumption diminishes with increasing unit-weight heat of combustion

and, for a given fuel-tank capacity, the fuel carried produces a great-

er heat effect as the unit-volume heat of combustion rises.

The heat of combustion is determined either by burning the fuel

in calorimeters or by calculation from theoretical and empirical for-

mulas. Two standard methods are known for determining the heats of com-

bustion of petroleum products: the VTI method (GOST 5080-55) for deter-

"4 mining the heats of combustion of liquid motor fuels and the bomb-com-

bustion method (GOST 6712-53) for determining the heat of combustion

of heavy petroleum products and petroleums that do not contain volatile

products.

The VTI method (GOST 5080-55) consists in burning a weighed speci-

men of the fuel to be tested in a medium of compressed oxygen in a bomb

calorimeter, measuring the quantity of heat liberated in this process,

and computing the heat of combustion from the results of the experiment

-A 0.5 - 0.6+ 0.0002-g specimen oT the fuel to be tested is placed in a

Zubov dish.

The dish with the fuel is covered with a combustible film that is

impermeable to the vapors of the fuel and then inserted in the bomb for

".: combustion of the fuel. The heat of combustion is arrived at on the ba-

sis of the quantity of heat liberated during combustion of the weighed

fuel specimer. and expressed in calories per 1 g to within 10 cal.

The disagreement tolerated between two parallel determinations is
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no greater than 30 cal/g.

The bomb method (GOST 6712-53) is similar to the VTI method, the

only difference being that 0.6 - 0.8+ 0.0002 g of the petroleum pro-

duct to be tested is placed in a miniature crucible dish and not cov-

ered with the film. The heat of combustion is expressed in cal/g with

an error of 10 cal. The disagreement between two parallel heat-of,-

combustion determinations may not exceed 30 cal/g.

STABILITY

Actual Tars

Actual tars are products that remain in the form of a solid or

- -semiliquid residue in a glass beaker after fuel has been rapidly and

completely evaporated from it. In other words, these are the tars

present in the fuel in the dissolved state plus some that have form-

ed during the experiment.

: *Actual tars occur for the most part in fuels that contain unsat-

* urated hydrocarbons, which have a tendency to polymerize and form

tars under the influence of oxygen, elevated temperature,, and light.

Such fuels include cracking gasolines and various mixtures of them.

The actual tars are determined in accordance with GOST 1567-56

or GOST 8489-58. The esstatiale of determlai=nZ actual tars after GOST

1567-56 reduce to the following. Under a current of air, 25 ml of

gasoline that has been heated to 1500 (Fig. 14) is evaporated from a

glass beaker. After evaporation of the gasoline, the beaker is weigh-

ed and the number of milligrams of tars per 100 ml of gasoline is

determined.

Actual-tar contents below 2 mg per 100 ml of fuel are regarded
as negligible amounts.

Budarov actual tars (GOST 8W89-57) are determined by evapor-atn:.-

* the fuel under a Jet of steam in a special apparatus. The appa.-..
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Fig. 14. Apparatus for deter-
mining actual tar content after
GOST 1567-56. 1) Iron vessel;
2) removable iron cover; 3, 4)
blind pockets for insertion of~
beakers; 5) copper coil; 6., 7)
ends of coil; 63) removable gr-
ound T-pipe for delivery of air
into beakers; 9, 10) holes for
insertion of thermometer and
temperature regulator.

consists of an oil bath in which two pockets for beakers with the

fuelto b teted nd wo vessels whose function is to evaporate

water (Fig. 15) are immersed. In determining the actual-tar content

in Sasolines, 25 ml of the gasoline to be tested are used and the

experiment Is irun at 160+5*. In determining the actual tars In T-lj
TS1an -

~rsi nd r- %els, 20 mil of fuel are taken,, while determinations in

trato ke~rosnes ar ma .de ith 0m and teeprmn srna

185+5*. The results of the actual-tar determination are expressed in
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Fig. 15. Apparatus for deter-
mining actual tars after Buda-
roy. 1) Cylindrical steel yes-

* sel with asbestos insulation;
2) vessel for evaporation of
water; 3) blind pocket for in-
sertion of beaker with fuel to
be tested; 4) beaker; 6) tu-
bes for thermometers; 75 coil;
8) funnel; 9) stopcock; 10) tu-
be for drainage of water into
evaporator; 11) vappr of ftake
(steel tube to duct water and
fuel vapor from pocket); 12)
heat-insulation jacket on vapor
offtake; serves to prevent con-
densation of vapor; 13) T-pipe
for connecting vapor offtake
with condenser and flask; 14)

* condenser; 15) flask.

Mg/100 ml of fuel.

In aviation gasolines, the actual-tar content may not be great-

S. S

er than 2 M~ per 3.00 ml or gasoline, while it may range from 2 to 20

n~z in automobile gasolines, depending on grade.

7 As the quantity of tar in the gasoline increases, the rule is

that octane number diminishes and the acid'Ity of the gasoline in-
S56

,*S.
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creases; the latter causes 6evere corrosion of the tanks. The color

of the gasoline also changes when this happens: the gasoline becomes

yellow and may even acquire a brown or black color.

An elevated content of actual tars in gasoline results in depo-
Ni

sition of tars and carbon in the induction system, on the valves, and

in the engine's combustion chamber.

Induction Period

Determination of actual tars enables us to form a Judgment pri-

marily as to the presence of tars in the gasoline. However, it is

very important for the operational personnel to know how strongly

the gasoline is inclined to tar formation and how long it can be

stored.

The tendency of gasoline to form tars is evaluated by determi-

nation of the induction period (GOST 4039-48). 100 ml of gasoline

are poured into a glass beaker, covered with a watch glass, and pla-

"ced in a special metal bomb (Fig. 16). The bomb is filled with oxy-

gen under a pressure of 7 atmospheres, lowered into boiling water,

and held there until the manometer on the bomb indicates a pressure

drop. This signals that the gasoline has begun to oxidize, i.e., that

"tars have begun to form in it.

The time (in minutes) during which the pressure in the bomb re-

"mained constant at a gasoline temperature of 100 is known as the

induction period. If it is stated that the induction period of a

gasoline is 240 minutes, this means that on heating In the bomb to

1000 in the presence of oxygen, the gasoiine began to oxidize after

240 minutes.

The longer the induction period, the more resistant the gasoline

to tar formation, aryd the longer may it be stored without incurring

the danger of tar formation.
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Cokability of 10% residue

This index furnishes an arbitrary eva-

luation of the tendency of diesel fuels to

form carbon deposits in engines. Fractional

S.- - distillation is-applied to 100 ml of the

fuel to be tested and conducted in such a
J7 way that 10 ml of fuel remain in the flask

-':22 after distillation. The determination is

run in a standard apparatus at least 2

times in accordance with GOST 2177-59.

Fig. 16. Bomb for de- The cokability of the 10% diesel-fuel
"termination of of in-
duction period of ga- residue is determined in the apparatus used
soline. 1) Oxygen; 2)
gasoline; 3) water to determine the cokabilities of mineral

' ' oven.
" oven. 4) oils (GOST 5061-49). A porcelain crucible

"-" receives a weighed specimen of about 8 g of the 10% residue. The cruci-

. . ble is then enclosed in two iron crucibles that are covered and placed

under a bell and then heated. Having been heated to high temperature

without access of air, the 10% residue vaporizes and decomposes, with

the result that combustible gases are evolved and burn during the ex-

periment, while the coke that has formed rerains in the porcelain

, crucible. The coke content is expressed in percent of the weight of

:7 10% residue poured into the crucible.

The cokability of the 10% residue from the diesel fuel to be

* tested is computed as the arithmetic mean of the results of t.o paral-

lel determinations, between which a disagreement no greater than 20%

- -, 0o the smaller of the two results obtained is tolerated.
* '-. IMethod Involving determ.ination or tr-x-muImn •mokeless-rlame he1ght

Method involving determlia-tion or maxinm• stokeless4-ame he! h•

-s employed to evaluate the carbon-forming property of Jet Puels:
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this is familiar z's thp mnthod used to evaluate the illuminating and

heating abilit, of clear petroleum products when they are burned in

lamps and heating devices. The essentials of the method are as fol-

lows. 10 ml of the fuel to be tested are poured into a specially de-

signed lamp. After the lamp has burned for 5 minutes with a flame

height of about 10 mm, the wick is raised so high that soot forms

and then lowered until the soot has disappeared; then the height of

the smokeless flame in mm is measured by reference to a height scale.

The greater the height of the smokeless flame, the higher is the

quality of the product being tested.

. Stability Period of Aviation Gasolines

When ethylated aviation gasolines are stored, lead compounds

may precipitate in the form of solid deposits. Their stability during

storage is evaluated by a method of determining precipitation resis-

tance (GOST 667-56) developed by I.V. hi hkov, G.S. ShImonayev and

Ye.N. Kornilova. The essentials of the method are as follows. 25 Ml

of the gasoline to be tested are poured into a 100-ml glass bottle

wietb a hermetically sealed stopper and heated to 1000 in an LSA-l

apparatus (Fig. 17). Every half hour or hour a visual observation is

taken to determine whether a precipitate has formed in the gasoline.

The time at which a precipitate appe.r-s is fixed as the end of the

test.

A • The time (in hours) for which no deposit forms in ethylatec

gasoliLe during oxidation by atmospheric oxygen at a temperature of

IG)Oe is taken as an index to the stability of the gasolIne to forma-

. tion of these sediments. The sIaller time value obtained Pa" a..r-

lel determInations in two bottles is taken as the test result.
A divergence of I hour is tolerated for stabillty periods less

than 24 hours, and a hours for periods longer than 24 hoCs.
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The stability period is used to Judge the speed with which depo-

sits may form in ethylated aviation gasolines as a result of decompo-

sition of the ethyl fluid.

Ethylated gasolines having stability periods between 20 and 24

hours may be stored for 3 years at higi4 temperature without danger of

sediment formation in them. Ethylated gasolines with stability periods

of 4 hours may be stored for approximately one year. On the other hand,

it is recommended that gasolines with stability periods less than 4

* hours be. used at the first opportunity, since the possibility that

S., sediment may appear in such a gasoline in a few months of storage can-

not be excluded.

THERM4AL STABILITY

Thermal stability characterizes the resistance of a fuel to for-.

<. -.. mation of sediments on heating in the presence of air. Thermal stabi-

Slity is determined by the method developed by I.V, Rozhkov (GOST 9144-

59). The essentials of the method consist in oxidation of 50 ml of the

fuel in an LSA-l apparatus (see Pig. 17) at a temperature of 150* for

1 hour. The fuel that has been oxidized is filtered th;,ugh an ash-

free paper filter and the quantity of sediment that has foxmed is de-

* termined by weighing. The thermal stability is expressed in milligrams

of sediment per i00 ml of fuel.

CORROS.ON1 PFROPEERMES

.- ver•iate Test

The coppet-jvate test (GOST 6321,52) serves t4' detec'tion of a&.

tive sefliur compounds =d free sulfl a, iich caiae cor•oion of neti1_s

A ot daltd&slze copper plate mAde fr-moz pure electrolytic oopper•

I* held In the fuel for 3 houro at 5Q0% and itz sur"ace is then ton_-

pam-c4 vith a bright plate thiat hws not been suJecte -to t4Lic teo-,,
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A11-e appearance of black., dark-brown or steel-

gray deposits and stains on the plate indica-

tes that active sulfur compounds capable of

I causing corrosion in an engine cr in a fuel

2 system are present in the fuel. If any other

changes or no color changes at all have oc-
"• 8 7

:: curred on the plate, the fuel is considered

to have passed the test.

Sulfur

In light petroleum products (gasoline,

kerosene, diesel fuel), sulfur is determined

Sa W in accordance with GOST 1771-48 by burning a

weighed specimen of the test fuel in a lamp

(Fig. 18). The sulfur trioxide formed during

combustion is trapped and the quantity deter-

amined volumetrically. From 1.5 to 5 ml of
!!:• Fig. 17. LSA-I appar-

Fig.u17. orAdet apmia- fuel is required for the experiment, depend-
atus for determining
thermal stability of
fuels. 1) Cylindrical ing on the sulfur content in it.

" housing; 2) cover; 3) A divergence no greater than 5% of the
"open-type electric
heater grid; 4) fan;
5) electric motor; 6) smaller rsult is tolerated between two par-
diffuser; 7) cartrid- allel determinations.
ges with four flasks;
8) handle for turning The sulfur content in aviation and auto-
cartridges with fla-
"sks; 9) Inspection

. window; 10) electric mobile gasolines and that in jet and diesel

light bulbs; 11) con-
tact thermometer; 12) fuels is strictly limited by the corresponding

monitoring mercury
"thermometer. a) See- GOST standards. This is the result of the fol-":':o thermometer A)BSe.
tion through A lowing causes: 1) sulfur ani sulfur compounds

have a corrosive effect on the engine and contribute to formation of

deposits; 2) a high sulfur content lower. the antiknock properties of

the gasoline - octane number and grade; 3) certain sulfur compounds

- 61 -
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sharply reduce the sensitivity of the gasoline

to tetraethyl lead.

Mercaptan sulfur
S". ,' 2The mercaptan-sulfur content: in a fuel is

determined in accordance with GOST 6975-57.

The essentials of the method consist in ti-

* trating the fuel to be tested with an ammonia

solution of copper sulfate. The mercaptans or

the fuel react with the ammonia solution of

-.- copper sulfate to form copper mercaptides.

.:, The disagreement between two parallel deter-

""V minations may not exceed 0.0005% on the a-

.. mount of fuel. Mercaptan sulfur causes severe

5
- ,..corrosion of metals, so that a content no

Fig. 18. Apparatus
" , for determining sui- greater than 0.01% is permitted in T-2 and

fur by lamp method.
-- 1) Adsorbers 2) spat- TS-I fuels.

ter trap; S lamp
chimney 4) lamp; 5) _ydrogen Sulfide•':•'" i: wik. Ai To putmp.
wik.ASToFreedom of diesel and Jet fuels from

hydrogen sulfide is checked by the following method. 10 ml of a 2%

solution of caustic soda are added to 10 ml of the fuel in a separ-

"ating funnel, thoroughly shaken, and, after standing, 3 to 5 ml of the

extract are placed in a test tube, acidified with 0.4 to 0.6 ml of

concentrated hydrochloric acid and heated with shaking to 70 80- .

In the presence of hydrogen sulfide, lead indicator paper touched to

the rim of the test tube changes color from light brown to dark brown.

"Diesel ruel with a hydrogen sulfide content is not suitable for

"uze because of its high corrosion properties and its strong tendency

to form varnish deposits and carbon.

-. 62
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vrýza-io Acidity
The acidity of fuel is determined in accordance with GOST 6041-51;

j.

the organic acids are extracted from the fuel with boiling ethanol

and titrated with a solution of potassitm hydroxide. The acidity is ex-

"pressed in terms of mg of K0OM required to neutralize 100 ml of fuel.

The acidity of the fuel serves as a basis for inferences as to its

content of acidic compounds. Such compounds include naphthenic acids,

phenols, asphaltogenic acids, and the like. The naphthenic acids, par-

ticularly the low-molecular-weight members are capable of causing cor-

rosion of tanks and the parts of the engine's fuel-supply system. Most

severely attacked by naphthenic acids are lead, copper, tin, steel and

iron; naphthenic acids do not attack aluminum. Soaps form ahen naph-

".* thenic acids react with metals; usually, these soaps are insoluble

in the fuel and remain suspended in it, although they way settle out

in the form of a precipitate.

"The presence of soaps in the fuel represents an extremely serious

danger, since they may clog the filters and nozzles of the fuel sys-

tem and cause cutoff of the fuel supply to the engine.

LOW-TEMPERAUIURE PROPERTIES

The low-temperature properties of a fuel are Judged from its cloud

point, initial crystallization temperature, and pour point.

The cloud point and initial crystallization temperature are deter-

mined in accordance with GOST 5066-56.

The cloud point of a motor fuel is the tenperatuve at whiqh the
fuel begins to show turbidity as a result of separation oto microscopic

water dropleta or ice or hydrocarbon microcrx"jtals.

The initial crystallization te1mperature of a motor fuel is the

. maximum temperature at which ice or' benzene crystals can be deteAted

in the fuel with the unaided eye. The essentials of cloud-point anid

563-
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crystallization-point determination consist In

the following (Fig. 19).

A standard glass test tube with an agita-

A tor is placed in another test tube which serves

as an air bath,, and the entire arrangement is

2',placed in an insulated cylindrical vessel with

a coolant mixture (alcohol and dry ice). The

.... fuel poured into the test tube equipped with

4 the agitator is cooled and observed either for

clouding or for the appearance of crystals,
Fig. 19. Apparatus
for determining depending on which property is to be deter-
freezing point and
cloud point of ga- mined.
soline. 1) Agita-
tor; 2) gasoline The pour point is determined In accordance
"to be tested; 3)
dry ice in alcohol; with GOST 1533-42. A standard test.tube with
4) air.

the fuel is placed vertically in the coolant

mixture, held there for 5 minutes, and then tilted at a 450 angle and

"left in this position for 1 more minute at the same temperature.

• ,' The pour point of the fuel is the temperature at which the fuel

becomes so thick under the experimental conditions that the level re-

. . mains stationary for 1 minute when the test tube is inclined at a 450

angle.

For gasolines and Jet fuels, the cloud and initial-crystalliza-

tion temperatures are checked; for diesel fuels, the cloud point and

pour point are checked.

CONTROL flNDtCBS

Density is customarily denoted by the symbol p The super-

script indicates the temperature of the product, and the subscript

the temperature of the water. Density may be measured with an aer•.
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meter (petroleum densimetar), a Westpnal balance or a pyonometer.

In some countries, a Baume (Be) or API-sqale aerometer is used

to determine density. .

The following formulas are used for the conversion:
,,.,t m. .- M

145•_ •and..

180 + B6

The densities expressed in Baume or API degrees are extremely

close together.

"Density increases as the temperature drops and diminishes as it

rises. Consequently, in order to obtain comparable figures it is cus-

"tomary to reduce the temperature to 200, regardless of the tempera-

ture at which it was measured. Correction factors are available for

this purpose.

Density is computed according to the formula
S=+ 20

20 t
where P4 is the density of the product at 200, P4t is the density of

the product measured at the temperature in question, y is a density

correction and t is the temperature of the product at the time of the

density determination.

Iodine Number

K bnThe iodine number is the quantity of iodine in grams that com-

bines with 100 g of fuel. The iodine number indicates the relative

content of unsaturated conpounds in the fuel.

Determination of n-hydroxydiphenylamilne

The content of the antioxidant n-hydroxydiphenylamine in aviation

gasolines is determined by the method of GOST 7423-55, which was deve-

loped by LV. Rozhkov. The essence of the method consists in extracting
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the n-hydroxydiphenylamine from the fuel with a solution of hydroch-

"L" loric acid and then determining its content in the extract by addition

of hydrogen peroxide. The divergence tolerated between parallel deter-"

minations may not exceed'.+lO% of the arithmetic mean of the results

being compared.

Ash Content

The ash content of a fuel is determined by the method of GOST

* 1461-52. 25 g of fuel is evaporated in a crucible. The residue is

* heated to a dark red glow until it is fully converted to ash. The ash

- thus obtained is expressed as a percentage of the weighed sample of

fuel taken.

The discrepancy between two parallel ash-content determinations

on the fuel to be tested may not exceed the following values.

Ash Content, % Permissible
SDivergence, %

Below 0.005 0.002
From 0.005 to 0.01 0.003
From 0.01 to 0.1 0.005
Above 0.1 .0.01

Mechanical Impurities

Mechanical impurities in fuel are determined by the gravimetric

method of GOST 6370-52.

100 g of fuel are filtered through an ash-free filter, which traps

the mechanical impurities; then the filter is dried and weighed. The

*. mechanical impurities obtained are expressed as a percentage of the

weighed fuel specimen taken. A fuel containing less than 0.005% of

mecohalcal Impurities Is regarded as free of them.

The following discrepancies are tolerated between parallel deter-

mlnations.
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:.-:*:-::::,:.. -
-.. . • . * - . " . -"e.4 - ". -".-. . . . . . : : .* ".. ": ". -.. : - lh. -.. . -. ",. -* .. .. -. . - •.. -*. . .' .- ~ .•.. .- . . . , - -. . ' .-. . *.., 4v. -•.



Mechanibal4•ppurity Permissible
content, % Disagreement, %

Below 0.01 0.005

0.01 - 0.1 0.01
>0.1 0.02

Mechanical impurities in fuels are normally detrimental to jet

engines and high-speed diesels, since the fuel pumps and nozzles of

these engines are fabricated to high precision specifications and are

very sensitive even to extremely fine impurity particles.

While mechanical impurities settle to the bottom of the tank

quite rapidly by gravity when present in a gasoline, the same parti-

cles will remain much longer in the suspended state in the case of

diesel and jet fuels. Foreign impurities in a fuel may be the cause

"of rapid and severe wear of the fuel-supply apparatus and even put

".-: it out of commission.

Determination of Water Content

The hygroscopic-water content in aviation and other motor fuels

%: " is determined by the method of GOST 8287-57. The method is based on

"the reaction of calcium hydride with the water present in the fuel

and measurement of the volume of hydrogen liberated in this reaction.

A diagram of the apparatus is shown in Fig. 20. The water content in

the fuel to be tested is computed in percent by weight.

Water-Soluble Acids and Alkalis

Fuels must be free of alkalis and mineral acids, since they cause

severe corrosion of metals. The presence of these substances is estab-

lished by the reaction of a water extract.
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Fig. 20. Apparatus for qu-
antitative determination of
water content in motor fuels.
1) Conical flask; 2) stop-
cock stopper; 3) Drechsel
bottle; 4) gas burette; 5)
stopcock connecting buretto
with Drechsel bottle; 6)
stopcock connecting burette
"with atmosphere; 7) level-
Ing bcttle; 8) horseshoe
magnet; 9) electric motor.
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Manu-
script (List of Tranc;literated Symbols]

Page

48 TOn = top = toplivo = fuel

48 aT = at = osfernyy atmoapheric

51 yA ud = udellnyy = specific

51 B= v =voda =water
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"Chapter 4

EVALUATION OF KNOCK-RATING STABILITY AND IGNITION
QUALITY OF FUELS

GENERAL DATA

Among the indicators characterizing the motor properties of

gasolines and tractor kerosenes, the knock-rating stability (anti-

"knock properties) is one of the most important. It is for this reason

that the technical specifications for these types of fuels impose ri-

gorous controls on the antiknock values.

Researchers first encountered knocking in engines in 1919.

The first methods employed to determine the antiknock properties

of fuels (1920-1927) were based on the utilization of specially equip-

ped engines. The magnitude of the antiknock value was expressed in the

unit of the critical compression ratio (the highest effective comprxs-

sion ratio, NPSS) or in the units of fuel equivalents - aniline, ben-

zene, or toluene.

All of these methods fail to provide good reproducibility of re-

sults and those obtained were in poor agreement with the char-

' acteristics of these engines under operating conditions. It was for

this reason that these methods were employed on a restricted basis

4.". only.

.;* •The generally reoognized indicator of the antiknock property of

S--a tuel is the octane number. This indicator was adopted in 1927 when

two individual hydrocarbons - isooctane (2,2, 4 trimethylpentan•.,

'*%'., - " CSi 1 8) and n-heptane (n-G •H6 ) exhibiting rarkedly different ,nt,
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TABLE 2

Knock-ratung Stability of Individual Hydro-
carbons Expressed in Various Units

Yrne mqopoA cionen B, MBZ, (MoTopnUit

Bq,11r 0A. .6.... is,0 + 0 > 100
"J130ooNTan ..... 7,7 + 16 t00l o.-. . . ... 5, + 9 90

•• Mevims, suxoneuTau 4.6 + 4 82
x-neuTan .. 3.8 + t 64

""10 o--rexcau .. .. .. 3,3 ' - 6 592renaz . ... . . 0

1) Hydrocarbon; 2) critical compression
ratio; 3) aniline equivalent; 4) octane
number (motor method); 5) benzene; 6)
isooctane; 7) isopentane; 8) methylcy-
clopentane; 9) n-pentane; 10) n-hexane;
"11) n-heptane

knock properties - were proposed as standard fuels for the evaluation

of the antiknock properties of fuels. Isooctane has a high antiknock

value, whereas n-heptane has an extremely low antiknock value. For

example, on an experimental engine with a variable compression ratio,

7. when operating on isooctane, engine knocking appears with

a compression ratio of 7.7, whereas with n-heptane the knocking begins

with a compression ratio of 2.8.

The antiknock property in the case of isooctane has been set at

100 units, by convention, and this property for the case of n-heptane

has been set at zero. By preparing a mixture of isooctane with n-hep-

tane (in %, by volure), it becomes possible to prepare standards ex-

hibiting antiknock values ranging from zero to 100 units. The isooctane

percentage in the mixture with n-heptane is referred to az tkhe octaneI. •[ nufaber. Essentially, the dettermnation of the octane nrubers involves

the testinG of a gasoline with an, unknown antiknock value and stan-

dards, i.e., mixtures of isooctane with n-heptane, in a special single-

cylinder engine; by the continuous switching of the engine to operate

70-
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on the specimen being tested and the standard, it becomes possible

to select such a standard mixture as exhibits an antiknock value

- - . that is identical to the gasoline specimen being tested. Consequently,

the octane number of gasoline characterizes its antiknock value and

is numerically equal to the percentage content of isooctane in this

standard mixture (with n-heptane), which under standard test condi-

tions on the special engine exhibits an antiknock value that is the

same as that of the gasoline being tested. For example, the gasoline

being tested has an antiknock value like that of a mixture of 90%

isooctane + 10% n-heptane; this means that the gasoline has an octane

.* number of 90.

• Table 2 presents data on the antiknlock values of individual hy-

drocarbons.

.•.here are a number of methods for the determination of fuel oc-

"tane nunbers. Because of the differences existing in the testing con-

ditions, the obtained octane-number values for various fuels may ex-

"hibit substantial divergence. For example, gasoline may have an octane

number of 70 according to one method, whereas its octane number may

be 78 with another method, etc.

"For this reason it is extremely important, in addition to the oc-

tane number, co know the method which was employed to determine th s

octane number. Of all the methods used to determine the octane numbers

o£ fuels, the following are the most cow.only used: the motor usetnod,

the research method, and the temperature methods (aviation (lean mLx-

ture) and supercharge (rich mixtute)] (Table 3).

Thc motor method or deteraining octane numbers was deve.Loped in

1932 In connection with the Maot that results 1"rom the determination
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,of octane num:bers by the rzsearch method that was in use at that time
were not in sufficient agreement with the behavior of fuels in auto-

motive engines. Moreover, because of the imperfections of the equip--

ment being used to measure antiknock properties, the results exhibited

poor capaoity for reproduotion in parallel determinations (the devia-

tions between the parallel determinations frequently attained 8-10

• octane units).

"On the basis of results obtained in a wide rangc of investiga-

tions, a number of improvements were introduced into the research-

method installation: the design of the equipment employed for the

measurement of the antiknock value was improved, the carburetor was

replaced, and the conditions under which the tests were being carried

out were also altered, i.e., tt.e rpm of the engine was inreased to

900 rpm (instead of 600 rpo ; another innovati.on was the introduction

of the procedure to he%,, the working mixture to 1509, and 'co heat the
crankcase zil to 55-65°. Numerous tests of various gasolines accord-

ing to the motor method showed that this method provides the best re-

producibility of results in parallel determinations and from various

installations, and these results exhibit the best agreement wit.h the

behavtoz r' fuels in actual automotive engines.

The motor method is the moat co•monly used ctethod of evaluating,
atik•no•k properttes and i widely used at the present time zror the

deterrmiatimn of the octnoe numbers of Casollhes and kerosenes.

ThV __. e-rah tithod of Cetear.4ninz octane 4nubers for autcnottve

gasolines was adopted in 1939. The need for th1s method •ae about a.-

"a reault of the tact th-at the motor method was not always able to pio-

vide a r-eliable evaluation oa the antiknock property of autootive

gasolines whose composition was subject to substantial ctnrge.

Ollie new method was based on the old research method %hat had been
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in use prior to 193% but certain changes were introduced: the same

equipment as was used in the motor method was employed here to mea-

sure the antiknock value; a permanent ignition-lag angle was estab-"

lished (130 before top (dead) center) for all compression ratios;

in addition, a suction valve with a special screen to mix the working

mixture was installed (this device was the same as that employed in

the motor-method engine); and finally, the intake air was heated to

52g. The remaining conditions correspond to th.a old research method

of determining octane numbers.

Laboratory and particularly extensive road tests, carried out in

1946, 1949, 1951, and 1954, have demonstrated that the research method

of determining the octane numbers is better than the motor method in

characterizing the antiknock property of automotive gasolines for ac-

tual operating conditions such as city driving (frequent stope and, as

a rule, reduced power with less thermal stress on the engine).

Country driving, particularly on long trips, ntkes possible en-

,ine oweration that is characterized by a constant operating regime

and, consequently, by great thermal stress. For these conditions, a

more valid evaluiat.ion of antiknock p-1operties is offered by the motor

method.

"The results obtained in an evaluation of antilknock values accord-.

in& to the research method atm in better agreement with the road rat-

Ings (the road method oL determining octane nutubers for fuels in auto-

motive engines).

A8 of 1_.48, the research method (1939) Is In wide use ab rmd,

.t~oeher witr ' t~e motor method, .r the detainmtion of the octane

-:uc•be• of automotive gogolines.
.he te.peratze method of determini the atiknock va!ues fo'

*. aviation gasolines was developed in 1942 in comnection with tie e,-
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panding production of hignoctane avlation gasolines and components.

* The motor and research methods for the determination of octane

numbers make it possible to carry out a sufficiently accurate evalua-

tion of fuels having octane numbers below 95 units. Fuels with higher
.1

antiknock va)iues are difficult to evaluate with the above-mentioned

methods because of the unreliable operation of the apparatus employed

to measure the knocking (the electromechanical sensing element) (sen-

sor) for knocking), in the case of high compression ratios, and con-

sequently, in the case of high pressures in the combustion chamber.

However, the need for such an evaluation existed with respect

to aviation gasolines (100/130, 115/145) and particularly with respect

to the numerous high-octane components.

All of this made it absolute must that a new method be deve-

loped for the evaluation of the antiknt.-:k properties of fuels, and

this method was designated as the temperature method which is intend-

ed for high-octane aviation gasolines.

The test installation for this method is basically the same sin-

gle-cylinder installation as was used in the motor method, but certain

"structural changes have been introduced.

To match the fuel-testing conditions of this method to operating

conditions of aviation engines, a more rigid operating regime than had

been employed with the motor method was established fo.v the single-

cylinder engine: the temperature of the cooling liquid (coolant) is

1900 and the oil temperature is 750; a constant 350 crank-angle lag

before top (dead) center was established for all compression ratios,

etc., and the rpm of the engine was increased to 1200 rpm).

The bsic difference between the temperature method and the motor

"and research methods can be found in the manner in which knocking is

measured, the latter based on the measurement of the average tempera-
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"tures of the combustion-chamber walls by means of thermocouples and a

potentiometer in the case of detonating combustion of the fuel. (This

method was taken from the U.S. Army method for the determination of

octane numbers.)

"This method provided for the reliable determination of antiknock

properties of aviation gasolines with octane numbers ranging from 90

.. . -.to 115.

In recent years, with conversion to turbojet and turboprop en-

gines and in view of the significant reduction in the role of aviation

gasolines, the use of the temperature method nas been greatly res-

." tricted. This method is used only at petroleum refineries producing

high-octane aviation gasolines.

Fuel Sensitivity

Investigations and tests have demonstrated that automotive gaso-

lines exhibit various antiknock values, depending on the composite

chemical composition at various engine-operating regimes. This beha-

vior of automotive gasolines is associated with their various sensi-

tivities to engine-operating regimes.

An explicit example of this property on the part of automotive

* gasolines is the difference between the octane numbers determined by

- **. the motor and research methods, said difference attributable to the

differences between the test regimes (Table 3).

In this connection, for a more complete characteristic of the

operational properties of automotive gasolines an additional indica-

tor of antiknock value has been introducedand this indicator is re-

Iforred to as fuel t"sensitivity. "

The sensitivity of automotive gasolines is expressed by the dif-

ference in octane numbers determined on the basis of the research ai.d

motor methods.
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TABLE 3
IMethods for the Determination of Antiknock Properties of Fuels
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coc'aay pa6o0'efii CMCC . . BO.nWM CUOcRU B0a,- cMeMmg Bora'mt cicCRi Bop.um: caucRM16 . . (a= 0,9,5 -ý 1,05) (4 -019) (4,,=0.6 _-:- 0,5) (a Ix 0,8,3 -,t. 0,05)

1 ana)oTp AxWhI PA A•m nnrarean, 85,0 85,0 85,0 85,0
.* Xoa UoPm11a, ... . . ......... 115,0 115,0 11C,0 " 115,0M, MK~a 0610M 11nRaAPa, A .. ., 0,6.52 0,652 0,52 0,652

1) Basic parameters characterizing test conditions; 2) motor method,
GOST [All-Union State Standards] 511-61; 3) research method, GOST
8226-61; 4) aviation method with pressure feed, GOST 3338-61; 5)
temperature method, GOST 3337-52; 6) engine rpm; 7) coolant temper-
ature, C; 8)otemperature of intake air C; 9) temp8 rature of work-
ing mixture, C; 10) temperature of crankcase oil, C; 11) crank-
angle ignition lag, deg; 12) method of measuring antiknock value
13) method for changing knocking intensities; 14)- ratings (units5

'.: for evaluation of antiknock values; 15) agreement of evaluation re-
sults to composition of working mixture' 16) diameter of engine
cylinder, mm; 17) piston stroke, mm; 185 cylinder capacity, in

liters; 19) 260 before top center at a compression ratio of 5.0; 20)
variables; 21) electromechanical sensing element for knocking; 22)
with change in compression ratio; 23) octane number; 24) lean mix-
tures; 25) not checked; 26) th8 same; 27) 130 before top center for
all compression ratios; 28) 45 before top center at a compression
ratio of 7.0; 29) constant; 30) by ear or by means of a detonometer;
31) by changing the pressure feed; 32) grade or index number; 33)
rich mixtures; 34) thermocouple; 35) by a change in the compression
ratio; 36) octane number or conventional grade.
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To evaluate the sensitivity of automotive gasoline, we must deter-

mine the octane numbers according to both the research and motor meth-

ods, and then from the octane number determined from the research me-

thod, to subtract the octane number derived on the basis of the motor

,., " ;-' method.

The sensitivity of hydrocarbons is not identical and is a function

of their chemical composition and structure (Table 4).

The olefinic hydrocarbons are the most sensitive, the aromatic hy-

drocarbons being only slightly less sensitive. Paraffinic hydrocarbons

exhibit very low sensitivity. Naphthenic hydrocarbons occupy-an inter-

mediate position; according to this indicator, the latter lie between

"the paraffinic and aromatic hydrocarbons.

Rich-Mixture Fuel Grades

The antiknock property of fuels is determined on the basis of the

motor, research, and temperature methods for a working-mixture composi-

"tion corresponding to maximum knock, i.e., for an excess-air ratio of

Sa• = 0.85-1.1, and this corresponds to lean mixtures. Therefore the re-

sults obtained by means of these methods serve as the antiknock char-

acteristics of lean mixtures.

Aviation piston engines operate primarily in two regimes: at maxi-

mum power for take-offs, and at cruising speeds.

In the case of take-off regimes, the engines operate on rich mix-

tures (a - 0.7-0.8); in the cruising-speed regime the engines operate

on lean mixtures (a > 1.0).

In thrust-augmented operation of aviation piston engines, cases

have frequently been observed in which gasoliz.as with identical octane

numbers behaved differently with respect to one another under the con-

ditions of their utilization in these engines, i.e., one gasoline

would provide for knock-free engine operation in all regimes, whe:',r
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TABLE 4

Hydrocarbon Sensitivity (after Gerp (sic] and
1-- :'+, ,•-.'+Smit [(sic] )

2 OKauonoe q130oy0

1 YrnaeomposA r3UCCJomooa- j, TOMbnOCTb
"[TeMomwi I MOTopUuft (MM .. U)

[MOTOg.(") veUoA (MM)

6
SI8so6yTa W.........i.. 0 97,6 +4,5
0 Mosonesra ........... 92,3 90,3 +2,0

_ 1Haorexca. ......... 9t,8 93,4 -1,6
lsooxan•- ...... 100, JO0,O 0,0
ft-ByTan ......... ...... 93,6 90,1 +3,512 n-nleETau .... ........ 61,7 61,9 -0,2

13 n-rexca. ........ .... 248 22,0 -- ,2

14 O•-.ewon
n 1 fponezeu ........ .. 101A,4 84,9 +20$
113•6yTUnea.... ... .10115 88,1 +23,4
lnenne-t ......... 90,9 77,1 +13,8
rex-cw . .. ......... 76.44 83. +1360

19 H~w~
20 MeTnauximonedTau . . ' 91,3 80,0 +1t,3

1 3TU uE(zOUeUTaw . . . . 67,2 61,2 + 6,0
Hao~ymnnitnuouenaa . . .33,4 28,2 + sU

"23 Meynainaworexce .... 46,5 40,8 + 5,7

2 :"24 Apowamw-e>0
2. . ..... 3 ........ .>100,0 10' +w11 Tonyos. . . .. . .. . 1150,O +t2

3u eaao .. . . 106,0 97,9 + 8,1
,0aonpoUUa6euaoa (IHyMo0u) 10,0 99,3 +1007

1) Hydrocarbons; 2) octane number; 3) research
method (rm) ; 1)motor method (mm); 5) sensi-
tivity (rm - mm , 6) paraffinic; 7) isobu-
tane; 8) isopentane; 9) isohexane; 10) isooc-
tane; 11) n-butane, 12) n-pentane; 13) n-hex-
ane; 14) olefinic;'15) propylene; 16) isobu-
tylene; 17) pentene-1; 18) hexene-1; 19) na-
phthenic; 20) methylcyclopentane; 21) ethyl-
cyclopentane; 22) isobutylcyclopentane; 23)
methylcyclohexene; 24) aromatic; 2ý) benzene;
26) toluene; 27) ethyl benzene; 28) isopropyl-
benzene (cumene).

the other would exhibit knocking during the take-off regime.

It was subsequently determined that gasolines exhibit various

antiknock. properties (depending on their chemical composition) not

only in the case of lean mixtures but in the case of rich mixtures

as well and it was further .stablished that a single octane number

is not adequate fully to characterize the antiknock properties of a

gasoline.
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In connection with the divergent behavior of fuels in the case of

lean and rich mixtures under pressure-feed conditions, a new method

was developed in 1942 for the evaluation of the antiknock properties

of rich-mixture aviation gasolines, and this method was designated as

the method for the determination of grades of rich-mixture aviation

gasolines. Essentially,'the determination of grade involves the com-

parison of the fuel specimen being tested with the reference fuels

whose grades are known. The determination is carried out on a special

single cylinder engine operating under rigorously maintained constant

conditions. The basic indicator in this comparison is the magnitude of

the maximum value of the mean indicator pressure Pi which is developed

in the cylinder of an engine operating in an initial detonation regime.

For the specimen being tested we select a reference fuel which will

exhibit the same mean indicator pressure as the specimen for initial

detonation.

As the reference fuels in grade determination we use isooctane in

"its pure form as well as various quantities of tetraethyllead (TES =

TEL), added in the form of an ethyl fluid.

The grading (performance numbers) for the reference fuels was es-

tablished experimentally by the testing of these reference fuels in

single-cylinder installations which had been equipped with the various

cylinders employed in mass-produced aviation engines. During these

.tests each reference fuel was made to detonate (knock) by increasing

the pressure feed to the engine, and here the power which was essen-

tially the maximum possible power for each reference fuel was measured.

The power obtained in operations with pure reference Isooctane was

, adopted as 100%; however, mixtures of isooctane with TES [TEL] made it

possible to attain greater power and with an increase in the _'ES q' -

.. . tity the maximum possible power increased as well.
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It was established that pure isooctane has a grading (performance

number) of 100, whereas isooctane with 0.76 ml of TES/kg has a perfor-

mance number of 130, etc.

The fuel grade (performance number) is an indicator of the anti-

knock property in the case of a rich mixture.

'The fuel grade (performance number) shows the extent to which it

is possible to produce power (or the mean indicator pressmTre) in the

"operation of the special single-cylinder engine on a rich mixture of

the fuel being tested in comparison with the power that can be deve-

loped by this same engine when it operates on isooctane whose power,

"-. when used in this engine, has conventionally been set at 100% and 100

grade units. For example, a performance number of 130 shows that this

fuel, in operation in this special single-cylinder engine, provides

for an increment of 30% in power in comparison with pure isooctane.

The higher the grade of the fuel the better its antiknock properties

in the case of rich mixtures under conditions of pressure feed.

DETERMINATION OF THE OCTANE NUMBER IN ACCORDANCE WITH THE MOTOR METHOD

Octane numbers according to the motor method are determined on a

single-cylinder IT9-2 installation, following the GOST 511-61 (Fig. 21),

K iwhich consists of the following basic units:

1) a single-cylinder four-stroke piston engine, liquid cooled,

with a variable compression ratio which can range from 4 to 10 dun ~g

engine operation;

2) and asynchronous electric motor developing 5.8 kw, connected

to the piston engine by means W" two wedge-like belts, and intended for

vi the maintenance of a constant rpm (900 + 10 rpm) during the testing

period;

3) a control panel on which are mounted all of the monitoring-

measuring instruments and equipment required to control the engine;
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4)equipment for measurement of

knock, this equipmdnt consisting of an

electromechanical sensing element and.

~**~ an electrical measuring instrument - a

detonation (knock) indicator;

I' ~, 5)a flask filled with ice to main-

tamn at constant humidity the air drawn

~ __into the engine cylinder.

RA _ The basic units of the installation,

with the exception of the flask for the
'.~'M -~ -ice, are mounted on a massive cast-iron

I plate.

...............-.~ *--~~-'This single-cylinder piston engine

Fig. 21. General view or has all of the required units and equip-
1T9-2 installation for de-
termination of octane num ment which make possible the combustion
bers of fuels by the motor
niethod. 1) Single-cylinder of a fuel in its cylinder, as well as to
engine; 2) control panel;

3)ice column; 4) asynch- .keep the engine in operation for a long
ronous electric motor; 5)
cast-iron plate; 6) foun- period of time. The variable compression

* dation.
ratio provides for the ability to produce

knocking in various fuels - from low-.octarie tractor kerozenes to the

high-octane aviation ga~solines.

The installation is equipped with special equipment making it

possible to maintain rigorous constant (standard) conditions for the

tests: the rpm, the temperature regime,, the composition of the working

mixture, constant humidity of the air drawn in, standard knock intenzi-

V ', c.t In recent years the 1T9_2 Installation has undergone a. nunbei,

~:structural changes which serve to improve its operational charzacte:r-

izO io:. The cylinder clamp has been improved,. anid a suiall-scalc z:

haz been installed; a. special receiver has been installed in ',.he



"haunt system. The electrical circuitry of the

installation has been simplified, and improved

1 2 319 instruments have been installed, etc.

* With the motor method, fuel octane num-

baers are determined for a specified knock

Intensity.

5 The equipment employed to measure fuel

knock ratings consists of an electromechanical

sensing element for knock that is based on the

principle of measuring local pressure increases

as they occur in the detonation combustion of

the fuel.

The electromechanical detonation sensing

element (Fig. 22) consists of a steel cylin-

drical frame in which a steel rod is housed.

There is a socket et the bottom part of the

Fig. 22. Electro-mechanicallensing frame, into which a thin steel membrane hasmechanical sensing

element-for knock- been pressed. A crossbeam is fastened to the
ing. 1) Screw con-
trolling tension upper part of the frame, and this beam has two
of lower spring
plate; 2) central spring plates with tungsten contacts, as well
screw for control
of clearance bet - as screws to control the spring-plate tension
ween contacts; •)
plunger screw; and the clearance between the contacts. The

* screw controlling
tension of upper bottom end of the steel rod rests freely a-
spring plate; 5)
upper spring plate
with contact; 6) gainst the membrane, and a spring plate with
ebonite rod tin" )ste o a contact is positioned at the top end of the

. frame of detona- rod. A rigorously specified clearance (0.10-
"tion (knock) sen-
sor; 9) steel dia- 0.13 mm) is established between the contacts
phragm; 10) nut:[', "" used to press a-use.tpr.sa-to which a d.c. voltage of 110 v is applied.
gainst membrane;
11) lower spring The sensing element is screwed into the cylin-
plate with contact.
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der head so as to position the membrane within the combustion chamber.

In the case of detonation combustion of the fuel, the thin steel

membrane under the action of the "detonation shocks" (increased local

pressures) bends and exerts pressure against a steel core which closes

"the contacts of the spring plates. With the closing of the contacts, a

current passes through the circuit of the detonation sensor (a thermo-

element, resistors, and an indicator), and the thermoelement and the

detonation (knock) indicator are used to measure the magnitude of this

current.

The scale readings of the detonation indicator are functions of

time during which the contacts are closed, and this in turn is a func-

tion of the knock intensity. The higher the detonation (knock) inten-

S sity, the longer the contacts of the sensing element are closed, and

the greater the readings of the detonation (knock) indicator.

The method used to determine the octane numbers of fuels involves

the following. Given strictly constant engine operating conditions and

specific (standard) knock intensity, an equivalent reference fuel is

selected for the specimen being tested. An equivalent "eference fuel

is one which, all other conditions being equal, produces knocking in

exactly the same manner and under the identical conditions ac does the

specimen being tested.

Isooctane and n-heptane are reference fuels, and these are used

-.:'ere mixtures havin% specific volumetric ratios.

The octane numbers of the reference-fuel mixtures are known,

"since the percentage of isooctane in these fuels is the octane number.

Because of the great cost of isoootane and normal heptane, secon-

cary reference fuels are ued for operations, since these can be cali-

brated in advance according to the isooctane in mixture with n-.-e -. "

"I.:e., the octane numbers of the reference fuels are established C-.
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Aa

1 to ,5 7 80 9000e

2

Fig. 23. Scale for conversion of se-
condary reference fuels to primary
reference fuels (to octane numbers).
Secondary reference fuel mistures of
industrial reference isooctane with
B-70 gasoline. 1) Octane numbers; 2)
industrial reference isoootane in
B-70, % by weight.

taken from a conversion scale by means of which the secondary refer-

ence-fuel values are converted to the primary values.

Mixtures of industrial reference isooctane (TEl) with white spirit

or B-.'0 aviation gasoline are used as the aecondary reference fuels.

"The conversion scale is prepared in the following manner. The mix-

tures of the primary reference fuels are compared against the mixtures

of the secondary reference fuels, i.e., each mixture of primary refer-

once fuel is matched by antiknock properties to a mixture of secondary

reference fuels, and this is accomplished on an engine operating under

standard conditions and knock intensity.

A g:raph is prepared on the basis of the derived data, and this

. graph is eferred to as a conversion scale (Fig. 23). Subsequently,

7, the secondary reference fuels and this conversion scale are employed

in the daily work of determining fuel octane numbers.

The motor method makes it possible to determine octane numnbers

-"F within an extremely wide range: from zero to 100 units. Flxperience in

"*'" :-i the application of this method has demonstrated that the most exact

- iresults are obtained in an interval of 60-90 octane units.
S•I[ .84 -



* DETERMINATION OF OCTANE NUMBER ACCORDING TO THE RESEARCH METHOD

The determination of octane numbers by the research method is ac-

"complished on a single-cylinder IT9-6 installation in accordance with

GOST 8226-61.

*.- Structurally the IT9-6 installation differs little from the sin-

- gle-cylinder IT9-2 installation described above and shown in Fig. 1.

These installations are distinguished on the basis of the condi-

- tions under which the tests are carried out, and in the case of the

" IT9-6 installation these tests are characterized by the following:

1) an engine rpm of 600 rpm, in connection with which a flywheel

' . of smaller diameter is installed on the shaft of the asynchronous el-

ectric motor.

* 2) the crank-angle ignition lag of 13° before top center is con-

*... stant for all compression ratios; to achieve this angle, a lever to

change the crank-angle ignition lag is installed in the magneto and

fixed in a definite position;

3) the fuel-air mixture is not heated, and in this connection the

intake system of the engine does not have any connecting pip-s leading

to an electric heater; the carburetor is connected directly to the In-

"take orifice of the cylinder by means of a ring;

4) with a carburetor setting for maximum knock, the -Puel level in

the float chamber must range between 0.-8 and 2.0 units on the scale;

to achieve this, large-diameter (0.9-1.0) Jet tubes have been provided;

• 5) the control and verification of valve clearances are carried

out at a compression ratio of 5.9.

In eve.-Sthing else, the research method or determining octane

is exactly like the motor method.

Despite these ins•.nificant dil'lerences between the motor an%.ý - .7%

search methods, the results obtained in the determination of ocl:v.'o
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numbers for various fuels, obtained by these methods, may exhibit sub-

stantial discrepancies.

Table 5 shows octane numbers for various gasolines, and these num-

bers have been determined both according to the research and motor

methods. The greatest octane-number differenoe is found in the case of

coking gasolines, as well as gasolines from catalytic cracking and re-

forming, i.e., these gasolines exhibit the greatest sensitivity. There

is a slightly smaller difference between the octane numbers for the

4thermal-cracking gasolines (average in terms of sensitivity). Direct-

distillation gasolines exhibit an insignificant difference with res-

pect to octane numbers determined by these methods, and such gasolines

are regarded as insensitive or low-sensitivity fuels.

TALLE 5
Octane Numbers for Various Gasolines According to
the Research and Motor Methods

2on4Tuoao. R=4* 1
3. Touaa AccaeaoIA.j4ytaio.

M@TOAt (UMt) r nUMx

L6

t poattnout-Noi u4ivu (u. 71.0 7~* N0.0 1.0

7 . a 6............ 0 6"0 -,to9 ~ 1C1 'acwac ON '$a. w. W)D 7(UO 210
1O sluat.wao u4 ta1 .. . .. . 61SA j U 45.A

t-r llpuli * to. it. 1•02) ' O A -- 0.

19 XaTntuik sUW ...... . ". 1..

Vt ~ ~ ~ ~ T 6&ptcaw U~u(n L17' E 0

-..... me -

S. SI7
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(TABLE 5 Cont'd]

21Dew aaimcxepam

.22 Tmwenaoro cupkm pomammnexo*
.aiz . .. .. .. .. . . .8W 7U, 7.8

23 nxo snasuclw .A .. ... - 87,0 77,8 %,2
24 ~ei~rn~aaauuocoi p4~p~wa 3.6 .77,b ,

25 swinaax wxoau...... ft9,8 614

1) Fuel; 2) octane number; 3)research method (imep)
4)motor method (mm); 5) sensitivity (imep - nun); 6

direct-distillation gasolines; 7) Bakua p~troleum; 8)
Groznjy petroleum (start of boiling., 120 ); 9) Kras-
nokamsic petroleum, 10) Nukhanovo petroleum; 11)
Tuymaz.ý 4evonian petroleum (start of boiling at§5)
12) Zhii,. jvsk petroleum (start of boiling at 153O);
13) Il'skiy petroleum; 1g) Khadyzhensk petroleum
(start of bol1in~g at 164 ); 15) Central Asian petro-
levm; 1$) Romashkinskiy (sic] (start of boiling at0
85k ); 17) Perin' petroleum (ýstart of boiling at 170~)
18) thermal-cracking gasolines; 1-9) naphthenic crude;
20) paraffinic crude; 21) catalytic,cracking gaso-
lines; 22) heavy crude of Romashkinskiy petroleum;

3) havycrude of Tuymazy devonian petroleum; 24)
catalytic reformirWg gasoline; 25) coking gasoline.

* !MIXING OCTAN NUMER

* . In determining fuel octane numbers by the motor and research me-

- thods it Is sometimes impossible to test a given product directly in

the engitne for the following reasons:

1) the product to be tested is higher than the r-eference isooc-

tane o.- lov~er tohain thý- n-heptane in termts of. an'tiknock propertiess;

2) the product being testedJ does not corre pond., in terms- o.?

volatility, to the conditions of cazrburetlloi (it 4s sQ awha~t too vola-

ti-le or vaporilzes poorlv%;

3)theo to an :iado4quate quantity of the edcfotain

In such cases the antiknocir property, is, determined by n~i-

pvoduct being tested wit'h the relrevrce Saso.11,e W',ose octane .



:Seither a~w: ~ n be'eend.

.. .The f.x-,ng octane number is determined in the following manner.

A mixture of thbe fuel being tested with the reference fuel (desir-

ably In a 1:1 ratio) is prepared. This mixture is then tested in the

conventional manner in the installation in order to determine the oc-

tane number. On the basis of the obtained results, the following for-

. . mula is employed to compute the octane number of the product being

"tested:

X=IOOC-y(iOO--)
a

"where x is the mixing octane number; y is the octane number of the re-

ference fuel used for purposes of mixing; a is the content of the fuel

being tested, in the reference fuel, in %; C is the octane number of

the mixture.

-liC.' the octane numbers of the initial components are known, the

following formula can be used to determine the percentage relation-

ships of these components in the binary mixture and to obtain the

given octane number of the mixture:

C-B'i. ;. a =100
cLdOA-B

"where a is the content of the first component in the mixture, in %;

A is the octane number of the first component; B is the octane number

of the third component; C is the required (given) octane number of the

mixture.

In the practice of compounding gasolines, the method of calculat-

"Ing the mixing octane number and the percentage content of the compon-

ents in the mixture is frequently employee..

* The mixing octane numbers, in comparison to the actual octane num-

bers, i.e., the numbers obtained in the direct determination of octane

numbers on the installation by the motor method, showed the following:
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1. Direct-distillation gasolines and paraffinic hydrocarbons be-

have additively in the mixture, i.e., the mixing (mixture) octane num-

bers correspond to the octane numbers obtained in the determination

in the [test) installation.

2. The mixing (mixture) octane numbers for the thermal- and

catalytic-cracking gasolines, and those for the olefinic hydrocarbons

"in mixture with direct-distillation gasolines come out lower than the

"octane numbers determined directly in the installation, i.e., the oc-

tane numbers of the mixtures which contain these gasolines are actu-

ally higher than when these octane numbers are calculated on the basis

of the octane numbers of the initial components.

3. The mixing (mixture) octane numbers for aromatic hydrocarbons

and components are higher than in the direct determination in the in-

stallation. With an increase in the content of aromatic hydrocarbons

in the mixture, the discrepancy increases and reaches as high as 8-10

"octane units.

DETERMINATION OF ANTIKNOCK VALUES OF GASOLINES AND COMPONENTS WITH
OCTANE NUMBERS HIGHER THAN 100.

Both the motor and research methods of determining octane numbers

make it possible to evaluate fuels exhibiting antiknock values below

100 octane units.

"In evaluating fuels with octane numbers in excess of 100, we use

the method of mixing the fuels with low-octane reference gasoline and

the antiknock property is, in this case, expressed in mixing (mixture)

octane numbers. This complicates the process of determining the octane

number and f'requently distorts the true octane number of the high-

octane fuel or component.

In actual practice there exist various methods of determinin.-
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"TABLE 6
Octane Numbers of Chemically Pure Isooctane with
Various TES [TEL] Content

21 I oCoantT3C B 0 ! TC Bn xl-E-T3G D .
XTOxm103Oo i0 " OHTaUO O1 O¢Tauorso0WOWK 111ICTOIJ na .qeCCHIT 14ICTO,1 I qecx€II '1111TOM

1300RT. ,IU" n300NTaRUe, naTZO . i001(Ta~e,

0,05 1o01, 0,60 11,12 1,30 116,4
0,10 103,1 0,65 111,7 1,40 116,9
0,15 104,3 0,70 .A 12,2 1,50 117,4
0,20 105,4 0,75 112,7 1,60 117,8
0,25 106,4 0,80 113,0 1,70 118.2
0,30 107,3 0,85 113,5 1,80 118,6
0,35 108,1 0,90 113,9 1,90 119,0
0,40' 108,8 0,05 114,2 2,00 110,4
0,45 I09,5 1 ,00 114,6 2,10 119,7
0,30 110,0 1,10 115,2 2,20 120,0
0,55 110,7 1t20 115,8 2,30 120,3

i) TES [TEL] content in chemically pure isooctane,

ml/kg; 2) octane number.

tane numbers in excess of 100 and these, in principle, can be divided

into two basic groups.

1. The methods based on the utilization of reference fuels exhi-

biting antiknock values in excess of chemically pure isooctane, i.e.,

in excess of 100 octane units (ethylated isooctane, ethylated triptane '1

*•' (2,2,3-trjimethylbutane) and their mixtures with n-heptane, etc.)

2. The methods of calculating octane numbers according to formulas

based on the extrapolation of the octane-number scale above 100 units.

"To determine fuel octane numbers above 100 by the motor and research

"methods, the most common practice is to use the scale constructed ac-

*] cording to the Vize [sic] formula (proposed by "The General Motors

Research Corporation")

-~S-100
O1. 1. 00+-°

where N is the performance number of chemically pure isooctane con-

taining the various quantities of TES [TEL], in ml/kg.
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TABLE 7
Octane Numbers of Fuels, Higher than 100
on the Scale (Data after Ye.l. Zabryanskiy
and Yu.A. Robert)

1 Tomm-= %ITII- TeAb.-

~'h CTOA (r UM-14)

e'ao-. . .. . . ..... •. ........... 113,0 106.4 6,6
Tonyon 1..............115,7 104,2 11,5
H3onponnx6e;.o.. . 1.........108.0 96,0 12,0
An•,a6eimnx BA ..... .......... 109,5 104A 5,i1 AIMUaaKxrnaT P-9, .MA/.xe:

10 .0 . .... . .. ......... 101,6 101,7 -0,1
"2,0 ...... .............. 105,6 104,2 1,4
3,0 ...... .............. 108,2 107,2 1,0

.11 OIlTpO.1IIw e TOUIUIDO X 8 (B-100/130) 101,5 99,2 2,3
12 A=36nTnoyrxen. .. ......... 100,4 85,0 15,4

1) Fuel; 2) octane number; 3) research
method; 4) motor, method; 5) sensitivity
(imep - mm); 6) benzene; 7) toluene; 8)
isopropylbenzene; 9) BA aviation gaso-
line; 10) Aviation alkylate R-9, ml/kg
11) control fuel No. 8 (B-100/130); 125
diisobutylene.

The calculation of the octane numbers of isooctane with a TES

[TEL] content ranging from 0.05 to 2.3 ml/kg (Table 6) was. carried out

in accordance with this formula.

The conditions for the determination of octane numbers in excess

of 100 in motor- and research-method installations are in complete ac-

cord with the conditions for the determination of octane numbers below

100, with the sole exception that mixtures of chemically pure isooc-

tane with various TES [TEL] contents are employed as the reference

.', fuels.

An equivalent reference fuel - isooctane + TES [TEL.] - is select-

K ed for the specimen being tested, and for the reference fuel a corres-

po.idliig octano-number value is found in Table 6.

"E p I e As a result of the determination it was found that th.,e

pc•.oc•iun buing tested was equal, with respect to knock inton-ity, "

: izoocta• with a TES [TEL] content of 0.50 ml/kg. The above-1,c1it,
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Smixture ha, . c ,m- L.0The?, 0i i<-.. 0 In accordance with Table 5. This

means that the specimen being tested has an octane number of 110.0.

"* - ' The tests that were carried out at the VNII NP [All-Union Scien-

.-- tific Research Institute for the Processing (Refining) of Petroleum

and Gas and for the Production of Synthetic Liquid Fuel] as well as by

other organizations, demonstrated that the above-indicated method for .

"the determination of octane numbers above 100 makes it possible to

"determine with sufficient accuracy the antiknock propertie Wf high-

octane fuels and components by both the motor and research methods

(Table 7).

DETERIMINATION OF RICH-MIXTURE AVIATION-GASOLINE GRADES

The grade of an aviation gasoline is determined by means of a

single-cylinder IT9-1 installation in accordance with GOST 3338-61

(Fig. 24).

During the test, the engine of this installation operates in a .-

forced regime (see Table 3) and with pressure-feed of compressed air

into the engine cylinder, which comes very close to producing the ac-

tual operating conditions of piston aviation engines.

The IT9-1 installation is equipped with certain structural fea-

"tures which distinguish it significantly from those installations em- *.

ployed to carry out tests in accordance with the motor and research

methods. O' these the basic features are the following: the single-

cylinder engine is equipped with a pressure-feed system, and instead

* of a carburetor, for purposes of preparing the working mixture a sin-

gle-plunger pump and a spray nozzle have been installed. The fuel is

"sprayed into the stream of compressed and heated air in the intake

system by means of this spray nozzle. The fuel flow rate is mna-

., -sured by means of scales, and the measurement of the air flow
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OM rate is accomplished by means of a

~ measuremn plate. The belt-drive sin

.,,le-eylinder engine is connected to an

~~"~' lectric-motor-generator developing a

~ power of 25 kw which is balanced on

:rK~w-c '.barings and has a lever system for the

~'k _masurement of the mean effective and

~ mean friction pressure (apparatus -Lor
4.

ý Z the inea.-urement of engine power). This

device makes it possible to maintain a

. _ constant rpm fo. the single-cylinder
' ~engie troughout the test and to deter-

'".~ ine the e tiI
it ~ ~ ~ 1 rI-, in h enindicator pressure (p1 )

Testing, in accordance with this
24.ir Ovral iwo

method inole tvehal vitrmnawo ofrIT1installation £rde- mto novstedtriaino
termnaton f r.chmixure knock characteristics for the fuelz and

aviadlon --aso line grades.
1) Single -cylinder engine; rfeec ulbigtetd an ths
2) zmall receiver of en- rfrnePesbigtse, n hs
;-ine 's system; 3) dY namno-aerliospb"tenthmen d-
rietor~ for ineasurement ofar ltoshpbewnihemnid-

man indicvator pre s urein,.,- 4) -o~rlpne;ct pressure (p)and the conipositilon

moter for- measurement of -sia ermoflPt(initial)
irflowi rp'te; 7r) foun&a- ax'ateina'iri olih

t lon (hat~) of installa- anckn. .h (or inil ko c kl~n"tMerl; 'A cast-iro pl.te. _

regime is L'C-tained 10y varying, the Vre-s-

Zure rue.'t.

Thc mean inidicator pressuro is measured by taeans of" a zealc:-dyna-

-(-'tcr In the following imaruner. 1\'hon the o2.n-le -cylindThl ie i

"VIUv~e on a particular fuel,, the inldi",Lor (arrpow) of tw*

:xtc:' 61c~cates the mean offacti've przue a4Ith ~a 4Aoi, o.



-: : ..... .. c,,.,..ae. e-gine b:; means of the elec-

tric motor, the indicator of the dynamometer points to the mean fric-

tion. pressure. The sum of these two mean pressures makes up the mean

"* .~.indicator pressure, i.e.,

** + pr

where pi is the mean indicator pressure; pe is the mean effective pres- -

sure; p is the mean friction pressure.

The composition of the working mixture is determined by the fol- .

lowing formula:

•-where i is the composition of the working mixture (X is the reciprocal

of a); gt is the fuel flow rate, in kg/hr; gv is the air flow rate, in

""Phe :n1.a1tudes of gt and gv are measured during the test.

Dut ing, the iesearch and experitmental work, the total knocking

chaiaoterzLic of the fuel is generally determined for a wide range of ':":

changes in Lne composition of the worling mixture (X = 0.055 - 0.12 or *-..

Sa 2i.2 0.55). In this case, 7-8 points are determined (Fig. 75).

:I: A eteriioe the fuel grade, 4-5 points are determnined for the

,r lch-ixturQ rgioe alone (X 0.07 - 0.12).

In xa.he determ-ination of each point of the knocking characteristic

the -o•p,,oz..•ion of the working inixttue (X) is established and the mean

indlcaIo, presaura (p.) developed during the combustion of this mixture

Sin th• i,.- cylinder in a regime of light (or initial) knocking is

measured.

", aults obtained in the dotei'viination of the AlcnockrIu Charac-

terist'Ics of t%,1,4e fuels being tested are plotted on a special graph of

"standard., xcuyes taken from the refearence fuels, and here the composi-
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tion of the working mixture (-

= 0.55 - 0.13) is plotted along the

'5b.' A3brIotiu• axis of abscissas, and the mean in-

B: Om 6 dicator pressure (p= 6 - 18 kg-
me /' bb,•O force/cm2 ) is plotted along the axis

J// bJObdONea E
S\\ UmNo 'qumo

t.) Ano•,•oo of ordinates.
m nD The graph for the standard knock

F Omto.ue mon mu~a x 6__.r. characteristics of the reference fuels

is uniform for all IT9-I installa-
Fig. 25. Graph for determi- tions (Fig. 26); this graph includes
nation of points of totali-i fuel knocking characteris-feti kockIT9ingschalaction- the characteristics for seven refer-
tic on 1T9-l installation.

MAIvMean indicator pressure;
.*f 13) knocking region; C) pr- ence fuels for which the grades (per-

essure feed resulting in" knocking; D) point of light formance numbers) have been estab-
kcnocking; E) pressure feed
not producing knocking; F)
fuel-to-air ratio; G) lean Industrial reference isooctane
mixture; H) rich mixture.

(TEl) with a motor-method octane num-

ber of 98-99 is employed as the re-
:.. , - -. ference fuel, as are mixtures of in-

A .. r- T-4.,' dustrial reference isooctane with
""t,,.•. ..- --- tetraethyllead (TES [TEL]) in the

* i:" 1( _3, C form of an ethyl fluid.
,7 . __After the determination of the

J-w
'B Coc" points with the fuel being tested,

and after these points have been plot-
FiG. 26. Grid for standard ted on the graph of standard charac-
detonation characteristics
of reference fuels. 1 and•,.' 2 ',''e •i~ deonaion(knok- teristics, a doteymination io ma~de
.- o ',e ho detonation (knook-,-. iý) charac teris ties of the"""�.,rs) charcterstic. o) thea of the reference-fuel characteriztic

f'zboing tested. A) ý;eaý
t-. •-pressure, kgi/1;
n". B) composition of mix- which corrasponds to the fuol b': :

.,:, tuj• C) T~l.teatod in tenas of the ma.ium •. i
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Magnitude of Fuel Grade as a Function of Reference
Mean Indicator Pressure (Reference p,)

lpi (prpnne- 2 Cp pi (•Iplxie- (ripmia--oo - Co..•em GO pT-

11.0 100 1 3,8 121 15,8 142
12,0 101 13,7 122 15,9 143
12,05 102 13,8 123 i 6,0 144,
12,1 103 13,85 124 16,2 145
12,2 104 13,9 125 16,3 146
12.3 105 14,0 126 16,4 147
12,4 06 144, i27 16,6 148"12,45 207 14,2 f28 16,7 149
S2,5 .) •14,3 129 16,9 150
12,6 109 14,4 130 17,0 15112,7 itO 14,5 131 17,2 152
12,8 111 14,8 132 17,3 0 153
12,9 112 14,7 133 17,4 154
12,95 113 14.8 134 17,5 155
1't3,0 114 1 4,9 135 17,7 156
13,3 115 15,1 136 17,8 157
13,2 118 15,2 137 17,9 158
13,3 Wi7 15,3 138 17,95 159
13,4 M18 15,4 139 18,05 160
13,45 119 15,5 140 18,1 161
13,5 120 15,7 141

P) p (reference), kg-force/cm2 ; 2) grade (perfor-
mance number).

cator-pressure value. This reference-fuel characteristic is also used

to carry out an evaluation of the fuel being tested.

""E-XB c3- (ace Fig. 26). 1. The fuel being tested (curve 2) in

terms of maximum mean-indicator pressure (Pi 13.26 kg-force/cm2 )

• corresponds to the reference-fuel characteristic for TEI + 0.18 ml/kg

TES [TFL] which has a performance number (grade) of 116. Conaoquontly,

*. the fuel has a performance number (grade) of 116.

2. The tested fuel (curve 1) corresponds to the reference-fuel

characteristic for TEl + 1.53 ml/kg TES [TEL] which has a performance

number of 153. Consequently, the fuel has a performance number of 153.

"The grade (performance numlber) of the fuel being tested can be

"determined on the basis of the magnitude of the mean indicator poes-

sure (p.) obtained with this fuel, in accordance with Table 8. There-

" ' for, if t~ie tested specimen of cor.mercial fuel does not correspond,

.In terms of maximum mean indicator pressure (p.), to one of the char-



acteristics for the reference-fuels, i.e., it lies between two adja-

cent characteristics (reference fuels), the performance number of the

given specimen can be found from Table 8 according to the maximum value

of P
2Example. The maximum value of Pl i 13.5 kg/cm for the tested

specimen, which according to Table 8 corresponds to a performance num-

ber of 120.

The final results, obtained on the 1T9-1 installatLon, in the eva-

luation of antiknock properties of fuels can be expressed in various

Sunits: TEl + n ml/kg TES [TEL], performance numbers, index number,

• -'octane number; most frequently they are expressed in performance-num-

*-.- oer units, and sometimes in terms of index numbers.

The grade (performance number) of a fuel is referred 1-o as an in-

dex of its antiknock property in the case of a rich mixture (X = 0.112)

.Nhich is numerically equal to the performance number (grade) of a re-

7 ference fuel which when tested on a single-cylinder engine under pres-

sure-feed conditions and a regime of light knocking produces the iden-

," tical maximum value of the mean indicator pressure as the fuel being

tested.

*The higher the grade (performance number) of the- fuel.. the better

the antiknock properties it exhibits in the case of rich mIxture4 undeke

pr-ssure-feed conditions.

To evaluate the antiknock properties of uoelz and particularly of

Sd_: .udviduaI hydrocarbons having a grade (pezrformance number.') below 100

S .. :- 160 units, certain oonventional, units have been adopted and

• . *'a referred to as index numbers which charaeterize antiknock

'•t.:•es of rich-mixture fuels.•

.- enx numbers are determined on the basis of the maximnt, vi
'2;'• - 97 -



t Ic - ;r.ear . 41"...... a .... o r t h e y a r e ca l cu la t -

29650

wheire I. Cit. is the index number of the fuel being tested; pL ±z tho

.- _a in," iao- pPr.•,m outaine3 in testing of a specimen on an IT9-1

Ins12],allation.

Within a range of 100-260 units, the index numbers are insignifi-

cant.iy diI'ferent from performance-number units; it can be stated that

they are virtually equal in this range (since the difference amounts

to 1-2 Units -.

VAI�A�;�30 _' AUTOIGNITION PROPERTIES OF DIESEL FUELS

Unlike piston carburetor engines with spark ignition, in engines

in which auoi'r.tio is achieved as a result of compression the fuel

is sprl.yeca 5.J.Lrectlv into the combustion chamber where it ignites under

the ac:-ior of high temperature and air pressurc.

In high-speed engines with autoignition as a result of compression,

the time requIr•-•d for the preparation and combustion of the fuel is

measured in thousands of a second; therefore in order to provide for

the normal operation of these engines, the fuel must exhibit certain

definite motor properties.

One of the basic indicators which characterize the motor proper-

ties of diesel fuels is autoignition. Autoignition of vaporized diesel

fuels is of great practical significance.

When a fuel is injected (sprayed) into a medium of hot compressed

air contained in the engine cylinder, we can always observe a certain

time interval which is measured from the instant of fuel injection to

the start. of combustion, and this time interval is referred to as the

autoig.Yi.xion lag (the period of ignition lag). The shorter this inter-

Best Ava'lable Copy - 98 -



val, the better the conditions provided for engine operation.

The autoignition lag and autoignition temperature are priruarily

functions of the chemical composition of the diesel fuel; tiey are

of significance in the starting of a cold engine and exert consider-

"able influence on the combustion process.

The basic indicator which characterizes the autoignition proper-K
ties of diesel fuels in an engine cylinder is the cetane number. The

evaluation of autoignition properties of diesel fuels, expressed in
cotane numbers, gained widespread acceptance.

The cetane numbers of diesel fuels are deterinned in a special

, olnle-cylinder engine in which autoignition is accomplished by corn-

cv-'oslon, and this engine is outfitted with the required apparatus . mm

* a.

an d cq eqipment for the above-indicated purposes. The principle behind

.he VetelrrInation of the cetane number is the same as in the determi-

wrt.on of octane numbers, i.e., the specimen being tested-is compared

acawnzt reference "ulsa whose cotane nurmbers avre kn0own.

"Cetane (C 6 H3 4 , n-hoxadecane) and a-methylnaphthaleno (C11 nH 1 0 )

S art..Z aed az the pri•r• -_Y-rference .uels. It has conventionally been

acedthat -easily ignltj se catano has a cotane numborrof .100, wher~eas

*A-:Cc.::Th"aphthalene, which has poor, ignition proplenticc, ha- a cetane

y pr-eparmng a ixture of octane with a-uethy.aphthalcne (in %,

4. ~ xAu±e),It-I's pot.Sable to prepare rvfretnce uoilz hav~iatg cetvane
**ro Z .- X o to 100 Tlu ene

tr. ;.sture dith o-uehiylnaphtmtlene wl ev I ue ;e he c-tane z=eeC o f

>ra~~, t.tre at 403 ceottan + 6O' t n ap t

"..:ret -Y~ -n . h ccn~e t

f 40.

1 1W !!!ý r0 L_, -99-ecent~
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content of cetane i~n such a mixture with -methylnaphthalene which in

terms of ignition properties in the cylinder of the special single-

cylinder engine, under standard test conditions, is equal (corresponds)

to the specimen being tested. The higher the cetane number of the die-

sel fuel, Ghe earlier will the fuel ignite in the engine cylinder, and

the increase in pressure during the combustion process will be more

uniform, and the operation of the engine will be "softer" and, con-

versely, the lower the cetane number of the diesel fuel, the later will

ignition take place, the pressure will rise more sharply as a result of 7
the instantaneous combustion of increased quantities of fuel, and the

operation of the engine will be "hard." However, it should be pointed

out that "hard" engine operation with compression-ignition, accompanied

by knocking, is a function not only of fuel quality but of a series of

structural and operational factors as well.

To a great extent such important operational characteristics as

ease of cold-engine start, smoothness of combustion process, and fuel

"- flow rate, are functions of the cetane number of the fuel.

With an increase in the cetane number, the time required to start

* an engine diminishes; for example, in the case of a fuel having a ce-

"tane number of 53.0 the time required to start the eigine is 3 seconds,

whereas in the case of a fuel having a cetane number of 38.0 the time

requIred to start the engine ranges from 45 to 50 seconds. The higher

the rpm of the engine, the greater the cetane number required for the

- fuel. In the case of engine operation on a fuel having a cetane number

-of 63.0, depending on the type of engine, the specific fuel consumption

will be 187-246 g/hp.hr, whereas in the case of a fuel with a cotane

number of 39.0 the fuel consumption (flow rate) will be 193-254

g/hp. hr.

The cetane numbers are extremely convenient indicators for the
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classificatiLon of commeraial liesel

fuels.
There are a numiber of methods for

.ý11 the determination of diesel-fuel cetane

it NI ~ numbers. Formierly.,y the method of the
sz i' I citical compression ratio (and the

M ~\ method of ignition lag) were employed

_0.i for this purpose. More recently, a

N. fls-coincidence method has been de-

* vised, and this method gained wide-

1~ spread acce-ptance.

rM ~ I Telah-Coincidence Method

R, Cetane numbers of diesel fuels

are determined by the flash-coincidence -

Fig. 27. Over-all view of'
1T9- intalatio fo deer- method in accordance with GOST 3122-52

mination of cetane numbers of on a single-cylinder 1T9-3 installation
diesel fluels, according to

* th mehodof fashcoici-(Fig. 27), and this installation con-
* dence. 1) Single-cylinder en-

gine; )mc.imfrcag tains the following basic units.
of compression ratio; 3) con-

- -~-*trol panel; 4) as nchronous
elecric otor 5) ast-ron1. A single-cylinder four-stroke

p~late; 6) foundation (base). engine of the antechamber type with

compression-autoignition and a variable compression ratio (which is 'al-

told by the zhifting -of a snmall1- piston in the anitechamber),. and which

'can change during, engine operation within a range of from 7 to 23.

2. An electric.4notor-generator of the asynchronous type, develop-

ing a Power of 7 lcw,, which is connected by m~eans of two wedge-like belts

to the flywheel of the single-.cylinder engine and Ua intended to -top
th~iz ensine,. decelerate i~t, and provide for a co~nstant ipi thoutgho'ut

- the test.

3. A control panel oni which are mounted all noiok ~~ -
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,.zrz.men:;z e . cootroJ the engine.

4. The fuel equipment consisting of a single-plunger pump, a clos-

ed-type pin spray nozzle, tanks, and the fuel system.

5. Equipment which controls the injection and ignition of the fuel,

"said equipment consisting of an injection (spray) indicator (Fig. 28)

(crossbeams, an electromechanical knock sensing element), connected

to the spray nozzle, and an electromechanical ignition indicator that

is screwed into the combustion chamber (antechamber) of the engine (Fig.

29).

"In addition, the flywheel of the engine has a special device with

two electronic neon bulbs which are separated from one another along

the rotation path by 130; forward along the rotation path of the crank- .

shaft we find a neon bulb that is connected by means of an electric
-1

' lead to the injection (spray) indicator, and beyond this bulb it is

connected with the ignition indicator. Above the flywheel a special

viewing tube with sighting crosshairs is mounted on a bracket.

Essentially, the determination of the cetane number by this method

involves the comparison, in an engine operating under rigorously con-

trolled conditions, of the fuel specimen being tested against the re-

"ference fuels whose cetane numbers are known.
I-

The determination is carried out with a compression ratio (the

" determinations are made on the basis of the flash-coincidence of the

neon lights on the flywheel) at which fuel autoignition in the com-

bustion chamber takes place at top dead center with a constant spray

• ," (injection) angle equal to 130 before top center.

The method used to test the fuels is the following, In spraying.

the fuel into the antechamber of the engine operating pnder constant

conditions, the pin of the spray nozzle is raised by the fuel pressure

"and this pin closes the contacts of the spray-(injection) indicator as
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a result of which the first neon light on the flywheel lights up. Iff

the fuel spray (injection) takes place beyond 130 before top center.,

the light will flash exactly opposite the crosshair of the viewing

tube and will continue to glow the entire time, until the spray-nozzle

pin is lifted (the duration of fuel injection). In the field of view

of the operator looking through the viewing tube there appears a long

strip of red light which begins exactly beneath the crosshair.

The clearance between the contacts of the ignition indicator, in-

* . :.. stalled in the antechamber of the engine, is so regulated as to have

the contacts close at the instant of fuel flashing. At the instant of

flashing (ignition) of the fuel, the second neon light on the flywheel

goes on and parallel glow4.ng red bands can be seen in the viewing tube.

The second glowing band must also begin exactly at the viewing cross-

hairs, As a result, tbe compression ratio is changed.

•..If the compression ratio for the fuel being tested is selected

properly and if both of the red bands of light begin strictly beneath

"the viewing crossha.rs of the viewing tube, i.e., if they coincide,

then a reference fuel is selected so is to provide for the coincidence

.of the flashes (of the neon light on the flyvneel) for the compression

.ratio found for the fuel specimen being tested.

As in all of the previous methods, for The daily work of determin-

ing cetane numbers ae use secondary reference fuels (gas oil and green

"oil) which are preliminarily calibrated accurding to primary reference

fuels. The calibration results are gathered into the form of the graph

* of the conversion scale shown in Fig. 30.

Diesel-fuel cetane numbers are functions pnimarily of the chemical

composition of the fuel. The highest cetane number (the best ignition

S - properties) are exhibited by paraffinic hydrocarbons. Aromatic hy'-"o- ..

carbons are the poorest fuels for compression-ignition engines, z_.c,
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"they have the lowest cetane numbers.

Naphthenic hydrocarbons occupy an in-

.i • termediate position. Since 1961, a

"-' modernized IT9-3M installation is be-

_in produced, afnd in terms of equip-
• !i~i.'•iimenit this installation is a definite

improvement. The design of the compres- K.

-N\\\'i \ sion-ratio-change mechanism on this in-

stallation has been improved. The ex-

haust system has been fitted out with

"a special receiver. The d.c. generator

has been replaced by a current recti-

fier. Improved instruments have been

installed, etc.

Fig. 28. Electromechanical DETERMINATION OF ANTI=NOCK PROPERTIES
injection (spray) indioator O ABROAD
, cross-beam of detonation
,knocking) sensing element). "-ems
1) Shaft of spray-nozzle pin; In the Peoples' Democracies the
2.) central screw for control IT-9 installation is used predominant- -
of clearance between con-
tacts; 3) bakelite head of'
curly for the determination of the anti-i•[ central plunger; 4) screw for •.

control of' the tension of' the
l owero sprinf plte;sin 5) tcew knock properties of gasolines and the•' ~lower spring plate; 5) screw '-

for control of the tension of'
upper spring plate; 6) upper ignition properties of diesel fuels.
spring plate with contact; 7) In many countries (USA, Great Britain,
lower spring plate with con- ,,"

•i ~~tact. .,
tact. France, Italy, Iran, etc.) the ASTM-

CFR installations are used, and these are produced by the American firm

of "Waukesha Motor Company." This firm is presently producing five var-

ious types of single-cylinder installations:

1) for the determination of the octane numbers of automotive and

aviation gasolines according to the motor method (standard D-357);

2) for the determination of octane numbers of automotive gasolines

.. , . ..- . .... : ....... .. ....... . ...... . .... ....



by the research method (standard D-908);

3) for the determination of the antiknock

properties of high-octane aviation gasolines by K. _

the lc method (standard D-614);

I ~4) for the determination of-performance nium-

bers for rich-mixture aviation gasolines by the _

30 method (standard D-909);

f 5) for the determination of the cetane nrum-t bers of diesel fuels by the flash-coincidence

method (standard D-613).

i ~Each of the above-enmerated ASTM-CFR in-

stallations is a specially equipped laboratory

motor stand of almost the same type as the IT-9

-installation which consists of a single-cylinder

engine with a variable compression ratio, a syn-
Fig. 29. Electro-
mechanical ignition chronous electric motor connected to the engine.,

indictor ( typea control panel with monitor.ing-nieasuring equip-of knock sensing
element).ment, and the instru~ments r~quired for the carry-

ing out of the tests. The AST14-CFR installations all use similar single-

cylinder engines which exhibit the following basic technical character-

istics: cylinder diameter 82.6 mm; piston stroke 114.3 nun; working vo-

lume of cylinder, 0.612 liters.

In recent years, a number of improvements and changes have been in-

troduced into the s~igle-cylinder ASTM-CPR installations, as well as in-

to the conditions under which the fuel tests in these installations are.

carried out, and as a r'esult oontempor'ary installations are substantial-

ly different from those produced earlier WI~ig. 31). The sy-Stem of zponit

gas exhaust from the engines by means of an expansion -oe ceiver n i,-

tion. for reductCion of exh-aust cotuiter~prcrszure lias bco-n improved- on
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-ype6 of irnsta! lat ions.

In the installations employed for

methods le and 3c this-receiver pro-

*l 0, vidles for special water cooling of

I f the spent Sased.
to 30 50 70 go7 In the installations employed for

2 roJjfzlio 4~cmecv rLjeaeH,ýl mqcy7O/ om , ,
the motor and research .methods., as well

Fig. 30ý. Scale for conversion -

fro seondry efeenc fiels as in the installation employed for the
to primary reference fuels, in l ehd h imtro h i n
the determination of cetane l ehd h imtro h i n
numbers. 1) Cetane number; 2) tetbeithcomnasbeen sub-
gas oil in mixtur with grreen

oil,%, b volme.stantially increased in order to main-

tain constant. humiidity for the intake
- . air, and this substantially reduce$

~' ,~1the intake resistance.

r~ ~ .~4'In the installations employed in

tA ~ the motor and research methodsj, instead

~' ~~ ~ 1 1 Xof the MiJdzhley (sic] pin and "knock-

~4 . meter" for the measurement of knock
Ji~- ~intensity, we use ani electronic deto-

nanmeter, I.e., the "Phillipa" (model

\\ ; ~501A) 4~th a magnetostrictive D-1len

sing element, in connection with which

there have been changges introduced into

the design of the control panal andi the
Vig. 31. Over-all view of

* ASTM-.C1R installation dizti'ibution of' the instruznontz and e-
(Watxý.aiha) for determination
of o ine numbers by the re- quipment. on the control. panel, as rnay
sea), .1ilhethod.

be seen in F'ig.3l.

-. The utilization of this equipment has no effect on the niagnitudq

* ~of the antiknock property estimate, but zubstantially f'acilitates and
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and accelerates the determination,

* * **- .- A and also makes possible greater ac-

curacy and reliability in the re-

.~~$. l uts obtained.

In the ASTI4-CFR installation

for the 30 method for the evaluation :

-I of knock intensity, we use the Sperry

detonometer (model KMl).with a mag-

'.~y- 1 netic vib'ration-frequency sensing
0 ....J

~ element. In addition., other improve-

* ~ "~..ments have been introduced into this

design. For example., the single-

cylinder engine is connected to the

Fig. 32. Over-all view of' ASTM- synchronous electric motor by means
CFR nstllaion(Wlaukesha) f'or

determination of' aviation-gaso- of a special clutch rather than by
line perf'ormance number by the
30 method. means of the belt drive. As a result

the losses due to friction have been reduced and the possible slipping

of' the belt has been eliminated. The position of the air receivers In

the compressed-air system (pressure feed) has been changed. The air re-

*. ceivers have been installed vertically, one above the other. Both of2

these improvements served to make this a moure compact installation

(Fig. 32).

In addition to the above-enumerated substantial changes in the de-

sign of the single-cylinder ABTN-CFR inst~allations) otrner less signifi-

cant improvements have also been introduced.

The following changes have been izntroduced into the conditions re-
*. quired for the execution of the fucl tects in ASTIM-CFR installa'v'.,ýs.

~'br the daily cheal~itg of the prope-r ftiictioning of the lnstallntio-ý

(f~or the rotor and research methods, as well a~i for mothods Ic ant:
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in addition to refere.ne fuels, use is also made of special control

. . fuels consisting of mixtures of individual hydrocarbons of isooctane

"with n-heptane, containing ethyl fluid (0.53 ml/kg TES (TELI).

To prepare the grid of standard knocking characteristics by the

3c method, instead of the industrial reference isooctane (fuel S),

chemically pure reference isooctane (2, 2, 4-trimethylpentane) is used.

, In this connection, the magnitude of the mean indicator pressure (pi)

* of the knocking characteristics of all the reference-fuel curves (the

standard grid of reference-fuel curves) has been reduced somewhat. In

the remainder of the cases, the conditions for the execution of the

. test remained without change and correspond to domestic standards for

"the determination of antiknock values.

In the Federal Republic of Germany (FRG) a single-cylinder ASF"

• -installation is being produced, and this installation was developed by

"the I.G Farben Corporation, with this installation used in a. number -

of European countries for the determination of octane numbers of gaso-

-. 1..nes in accordance with the motor and research methods.

The BASF is a small-dimension single-cylinder installation which

* is substantially different from the IT-9 and ASTM-CFR installations in

terms of design and dimensions.

The single-cylinder engine in the BASF installation has a variable

compression ratio and the following basic technical specifications: the

cylinder diameter is 65 mm; the piston stroke, 100 mm; the operating

volume of the cylinder, 0.332 liters, i.e., less by a factor of almost

"2 than the working volume of the cylinder in the IT-9 and ASTM-CFR in-

stallations. At. 900 rpm, the engine develops power equal to 1.05 hp.

Depending on the method employed, BASF installations can be used

"to determine octane numbers under the conditions cited in Table 9.

The method involved in the deterzmination of octane numbers in

10- 3-
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TABLE 9
Conditions for Testing Fuels in a BASF

* -. Installation

•2-. - '•
2 3

4 ItucJo o~opOO o3urTeXR, v6/1w4s .900 360
Teinepnzypa TonnJBao-BoaAymof cme-

CHI, C ... ......... 165 li "o]po.

6 TounepaTypa ucacuaemoro no3Ayxa, OC 52 52
*"7 TemnepaTypa ox.a'iaWouMeo •,•KAO-cT11, OC ... . ..... 00 too

8 Y'n onepeme-nt aa xtarania. 20 Ao a. X. T.. fllocronunuit Bn cex
CT0ciienei cxMaTOR

"9 Annap$Typa Ani aauepa ,eOTonaaunI. . l21[OTOOMOTp ¢VDstaaszic. ,•. ,'. uo iem, 501A

1) Indicators; 2) motor method of determin-
ing octane numbers; 3) research method of
determining octane numbers; 4) rpm of engine;
5) temperature of fuel-air mixture, C; 6)
temperature of intake air °C; 7) temperature

0of coolant, C; 8) crank-angle ignition lag;
9) equipment for measurement of knocking;
10) 260 before top center; 11) constant for
all compression ratios; 12) "Phillips
(model 501A) detonometer; 13) not controlled.

BASF installations is basically the same as in the case of IT-9 and

ASTM-CFR installations for the corresponding methods. The BASF in-

stallation and the test methods in this installation have been stan-

darized in the FRO (standard DIN 51576).

In addition to these installations, the FRG (Federal Republic of

"Germany] produces a single-cylinder BASF installation with a diesel

"-" engine for the determination of cetane numbers of diesel fuels. There

is a 4-stroke diesel with a constant compression ratio (of the KD-12

"type produced by the M01 Company) in this installation, and this unit

has the following basic industrial (technical) specifications: the

"cylinder diameter is 90 amn; the piston stroke, 120 mm; and the workivn-
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volume of the cylinder is 0.85 liters, i.e., somewhat greater than in

IT9-3 and ASTM-CFR installations.

The cetane numbers are determined in this installation under the

"following basic conditions.

Engine rpm "1000
Coolant temperature, C 100"
Fuel-injection angle, in degr'ees before top center . 20
Instant of fuel ignition, . . . . . . . . . . . . at top center
Quantity of injected fuel, mi/mn . . . . . . . . . 20

The installation and method for the determination of the cetane

numbers has been standardized in the FRG (standard DIN 51733).
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-~ Manu-
script (List off Transliterated Symbols]
Page
No.

79 T3C =TES =TEL =Tetraethyllead

90 0. q~. = O.Ch. = Oktanovoye chislo =octane number

94 T =t = toplivo = fuel

914 B =v vozdukh air

-4,4

110la -



"°., .* . ¾ 1 * .. .j*.U* .U .*. .. 4 *,~~

, .. •

Cha~pter 5
VAPORIZATION AND MIXTURE FORMATION IN ENGINES

In all types of internal-combustion engines, the onset of fuel

combustion is always preceded by complete or partial vaporization of

the fuel. In piston-type gasoline engines with spark ignition, the on-

set of combustion is preceded by practically complete vaporization of

"the fuel. In piston engines with compression ignition, and in gas-

turbine engines, combustion may begin even when only part of the fuel

has gone into the vapor state, forming isolated foci of a homogeneous

fuel-and-air mixture.

VAPORIZATION AND MIXTURE FORMATION IN CARBUERETED ENGINES
The quality of mixture formation and the uniformity with which

the fuel is distributed among the cylinders of a carbuereted engine

are determined to a considerable degree by vaporization of the gaso-

lines used. The fuel economy of a carbuereted engine can be raised

sharply by proper selection of the fractional composition of the easo-

line, correct and accurate adjustment of the carbueretor, and utiliza-

tion of external factors. In this connection, it is very important to

consider the processes of vaporization and mixture formation in a car-

bueretor engine and the basic factors influencing these factors.

In carbuereted engines, vaporization of the gasoline and formation

of the (working) fuel-and-air mixture have been basically completed by

"the time the luel enters the engine's cylinder.

In carbuereted engines, the fuel mixture is distributed among the

cylinders in the vaporized state, and for this reason a gasoline of

4 --- -- 11.*-



light fractional composition and high volatility is required for car-

buereted engines. It is perfectly obvious that the more completely the

gasoline is vaporized before it enters the engine cylinder, the more

uniform will be the mixture and the more uniformly will the gasoline

be distributed among the engine's cylinders.

Frof. M.M. Maslennikov says that "The degree of evaporation of the

fuel 'before entry into the cylinder that is necessary to produce com-

plete evaporation toward the end of the compression stroke is not

exactly known to this day. It may be assumed in approximation that 40 -

50% of the gasoline in a fresh mixture should be vaporized before en- 6,

*i try into the cylinder."

"However, the danger of incomplete vaporization of the gasoline in

the engine's intake system consists primarily in condensation of non-

evaporated gasoline drops from the air flow onto the walls of the line,

with the result that the mixture has a nonuniform composition, and the

liquid film of fuel moving slowly along the walls cannot be distributed

uniformly among the cylinders.

*.:': Carbueretion Processes

SThe gasoline escapes from the carbueretor Jet in the form of a

thin stroam whose sectional area is determined by the size of the jet

openings.

The equation describing the outflow of the gasoline from the Jet

-is detemined to a considerable degree by the shape of the Jet itself,

which is what governs the laminar or vortical flow of the Vuel. in

laminar outflow of the gasoline from the Jet, this process is described

by .%lseuille's law, according to which the head (h), expressed I n.

of water coln, overcoming the ivsistance !sa
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where w is the outflow speed of the fuel in m/see, L is the length of

the outflow channel in meters, d is the channel diameter in meters, and

-" is the fuel's internal-friction eoefficient (viscosity) in kg. sec/m2 .

This formula assumes the absence of vorticity in the motion of the

fuel flow; this is actually observed only up to a certain critical out-

flow speed.

In cases of vortical outflow of the gasoline, the equations des-

cribing the outflow will depart from Poiseuille's law.

_ The outflow speed of the gasoline .from the 3et is determined by

the speed at which the air flow moves through the carbueretor diffuser,

"* which, in turn, is determined by the vacuum in the engine's intake

* system.

The jet of gasoline issuing from the jet immediately enters an air

stream moving at a velocity of 70 - 100 m/sec. Under the influence of

the aerodynamic pressure of the air and the vortical motion of the

Soutflowing liquid itself, the gasoline jet is broken up into millions

of minute droplets. The speed and thoroughness with which the gasoline §.

stream is atomized are determined primarily by the velocity at which

the air flow is moving in the diffuser, the outflow speed of the gaso-

line from the jet, and the physicochemical properties of the gasoline.

Surface tension and viscosity are among the most important physical

properties of gasoline that influence its atomization.

The gasoline leaves the carbueretor in finely atomized form. Here,

-* part of it vaporizes, withdrawing heat from the air and from the walls

of the engine's intake system for evaporation, and the gasoline vapors,

"entrained by the air flow, enter the engine's cylinder. The unvaporized

part of the gasoline may either settle on the walls of the intake mani-

"fold or be picked up by the air flow and taken to the cylinder in the

form of small droplets.
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The quantity of nonvaporized gasoline that will be carried away

by the air flow will depend on the extent of atomization and the velo-

city at which the air is moving. All other conditions the same, the

amount of gasoline that will be carried away by the air flow in liquid

form will be larger the higher the speed of the air flow and the small-

"er the atomized gasoline droplets.

The gasoline that has settled in liquid form on the walls of the

manifold will also move toward the cylinders, but much more slowly than

the air stream. The moving liquid gasoline film is, as a rule, the

higher-boiling portion of the gasoline, which evaporates much more

slowly.

The air flow in the engine's intake system is not a steady, uni-

"form flow of air, but a continuously vibrating flow. Pulsation and vi-

* .[ bration of the air flow arise primarily because of the periodic closing

of the engine's cylinder valves. Under certain conditions, the pressure

oscillations in the intake system may give rise to instantaneous depo-

sition of gasoline particles from the air in zones of elevated pressure.

To this we should add that the change in direction of the airflow

motion as a result of pressure oscillations in the manifold takes place

considerably more iapidly than the change in direction of the fine gas-

oline droplets present in the suspended state, since the inertia of the

liquid gasoline particles is greater than that of the gases.

Cessation of the motion of the liquid gasoline particles may re-

sult in breakdown of mixtur', unifoixtlty and nonuniform distribution of

the mixture among the cylinders. This phenomenon is particularly marked

when multiylindor ongines operate on rich mixtures.

Po-;*ible consequences of nonuniform distribution of the gasoline

among the cylinders are: 1) increased gasoline consumption and lowe-ný ý

econoomy of the engine and 2) excessively rich or lean mixtures -,
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individual cylinders; the latter may disturb the smoothness of the

combustion process and, in certain cases, even cause overheating of

the engine and knocking.

-*7 This is why it is necessary that the gasoline be more completely -:

vaporized in the Intake systems of oarbuereted engines before it enters .

the cylinder.

• Vaporization of Gasoline in Carbueretor Throat

* - The following three factors exert decisive influence on the com-

pleteness with which gasoline is vaporized in the carbueretor throat:

*, 1) the air-flow rate in the carbueretor throat;

2) the temperature of the air entering the throat;

3) the fractional composition of the gasoline.

TABLE 10

Influence of Air-Flow Velocity on Vaporization of
Gasolines (air at 300, a 1.0)

2.• ~ ~ ~ ~ ~ ~ ~ l 0 enp~p ~m, C 15 %iuen "''.

1 Ua~iU~iit4 C P 5 ICO~P.Cn. "I10. 50% 90% Dpf. aKO•,pc '-

____________ __ _T4 *qCe*jc 80 afton

7 Aa i7 Aunwau, 6eu'.u"B .70 ... *..... 50 800 1401 79 82 81

* '6 ........ 40 778 142 18G 202 I6 85

1) Gasoline; 2) boiling point, °C; 3) initial; 4)

±'ina2, 5) evaporation in % at diffuser air speed
"of'; 6) m/sec; 7) B-7O aviation gasoline- 8) A-66
autmobi le gasoline.

"In conts:•porary carbuereted engines, the rate of air flow into the -,,
.arbuexetor difM•ser comes t3 70 to 100 m/sec, while the rate of air
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nlow il~.t- e carbueretor-throat varies from 20 to 40 rn/sec.

4h.vle~oity-off the air flow exerts a considerable influence on

the 1649e~is. with*'which the goasoline is atomized and, consequently,

on ,*the 4Onp~eteness of its vaporization. All. other conditions the same,

-the -Sa*4ol.e- la rate of vaporization will be higher the higher the ye-

~.oatyc' h air flow (Table 10).

Th4olt'ou atomization of the gasoline increases the total evapora-

tion: atrft~te and, consequently, the vaporization rate.

Ai W telrneature is a second important factor which exerts great

influence on vaporization of gasoline in the intake system of an en-

gine. ThIt~influence is determined by the fact that an increase in air

temperature increases the pressure of the gasoline vapors., reduces its

surface tension, and accelerates the process of gasoline-vapor diffu-

Sion into the air stream.

Inflenc-of Mixture Composition on Vaporization of Gasolines

As a mixture becomes leaner., i.e.., as the gasoline-to-air ratio

diminishes,, evaporation of the gasoline will be intensified, all other

conditions the same. This qualitative law remains valici for all air

temperatures and flow velocities (Table 11).

Influence of Vagor Pressure of Gasolines on Evaporation

Ittafasoline has a high vapor pressure., this means that the grade

of gaso1±n~tln question contains hydrocarbons possessing high vapor

pressBures.

However,, we aynot draw inferences as to the quantative content

of light fractions in a gasoline on the basis of vapor pressure alone.

-~~ A givont vapor' pressure may. be arrived at in a gasoline inh either of two

diffrerent ways. In one case,, thie gaooline may acqulire a high vapor pros-

sure as a result of addition of a small quantity of hydrocarbons po,,-

0* sessirig high vapor pressures (isopentane) to the gasoline. In aknolthct
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TABLE ii case, a high vapor pressure may be at-
ii:.iInfluence of Mixture Com-

• pintlience on Maporixtur orn- tained by including in the gasoline a
position on Vaporization
of Gasolines (air flow in
diffuser 80 m/sec, temper- rather large quantity of hydrocarbons

ature 150) possessing medium vapor pressures.

""I 0.,4u paax% Consequently, the vapor pressure of
Comem

ChWCR a3Dl.ro.. a•o)-06n- a gasoline, taken alone with consideration

SB-70I A- of its fractional composition, is not an

0,66 60 43 adequate index to its vaporizability. Let0,80 69 51
0,94 79 58-
1,01 84 65 us illustrate this using an example.

1Mxueopii ; There are two grades of gasoline with thel) Mixture composition a;
2) vaporization of var-. same saturation vapor pressure (340 mm
ious gasolines, %; 3)
B-70 aviation gasoline; Hg) but different fractional compositions.
4) A-66 automobile gaso-
line. In the first gasoline (A-66) we have

a considerable quantity of the butane-pentane fczction. In the second

gasoline (B-70), this fraction is totally absent. For the second gaso-

line to have the same vapor pressure as the first, it must contain a

"considerable quantity of hydrocarbons with medium vapor pressures, as

is reflected by its fractional composition. On vaporization in a stream

of' air, the second gasoline will, all other conditions the same, vapor-

ize faster, although its starting properties at low temperatures will

be better than those of the first gasoline. This effect is also observ-

ed on comparison of the vaporizabilities of aviation and automobile

"gasolines.

For a given vapor pressure, a gasoline with a lig.,ter f ractional

composition vaporizes much more completely and rapidly in the air

-tream (Table 1.2).

But if the gasolines have the same fractional composition, the

vapor pressure may, in this case, serve as an index to its vaporizabi- .,;

: lity. The higher the vapor pressure of a gasoline, the better will it
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TABLE 12
Vaporization of Gasolines in Air Flow on Car-
bueretion (air flow in diffuser 80 m/sec,

1=.0)

*2 .1 2  enne~ 311cnapenes 6OU31MA 3 %
Beafa apos UP TOMUOPSType sompaY.

____ ____AL__ IPT. CT.1  2V 5

14. Amsniswou 'Bul 'Goaani
.B-70.............340. 56 74

5Aircno6zvi.xf 6oiuna
A-66..............346 48 '62

1) Gasoline; 2) vapor pressure at 380, mm~ Hg;
3) vaporization of gasoline in % at air temn-
perature of; 4)B-70 aviation gasoline; 5)
A-66 automobile gasoline.

TABLE 13
P!-- 1.Influence of Fractional Composition of Gasoline

on its Vaporization during Carbueretion

1 ~2'TmmepaTypa auxtivaunn, OC ýCuapeuve 6eusxuA
Beusun n %. -p m ,~ l.O a1

fl3K1 Sol W% Ii~ ?oseptpýon

&-70..... 50 80 105 140 170 50.

A-OS.....*** 40178 t42 820

li Oasolinei 2% boiling point, 0C; 3) initial;
4) final; 55 vaporization of gasoline in % for
a 1.0 and air temperature of +15 degrees; 6)
B-70 aviation gasoline; 7) A-66 automobile
gaso line.

vaporize.

As we know,, however, the saturation vapor pressure of any liquid,

1 noluding gasolinesj, is a furnction of temperature: the higher-the temn-

perat~uweo the higher the vapor pressure. Consequently,. we may ineree

not only the vapor pressure or a easoline by raising the temperature.,
but Its vaporizability as well.

The sharp increnase in vaporizability of gasoline that. takes plý-.



when the temperature of the air entering the carbueretor is raised

results in preheating of the gasoline droplets, and this increases

the vapor pressure and improves vaporization.

Influence of Fractional Composition of Gasolines

The fractional composition of a gasoline has a strong influence

"on its evaporation during carbueretion. All other' conditions the same,

the lighter the fractional composition, the greater will be the portion

"of the gasoline that enters the vapor state in the throat prior to en-

tering the engine's cylinders. This relationship is clearly evident

from Table 13.

VAPORIZATION AND MIXTURE FORMATION IN INJECTED ENGINES

"In fuel-injection engines, the gasoline is fed into the cylinder

"through a nozzle during the intake-stroke. The time during which the

gasoline vaporizes in the engine cylinder is determined by the time

elapsing from the start of injection to ignition of the mixture by the

elect-ic spark during the compression stroke. The duration of this

period depends on the engine rpm's, on the injection angle, and on the

* spark-advance angle, but amounts to only hundredths of a second.

Thus- for example, the gasoline for the ASh-82FH engine is injec-

ted into the cylinder during the intake stroke with a 300 delay after

TDC; and ignition is set 200 before TDC in the compression stroke; the

vaporization time of the gasoline in the cylinder is 360 - 50 3100 of

crankshaft revolution or, converted, 0.02 to 0.03 sec. Consequently,

only 0.02 sec is set aside for the entire process of gasoline vapori-

zation and for priming of the mixture for ignition at n 2500 rpm.

In accordance with the manner and conditions of gasoline vapori-

zation in the cylinder, the total vaporization time may arbitrarily be

broken down into two parts:

a) vaporization of the gasoline during the intake stroke at a con-
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stant pressure that is actually very close to atmospheric; during this

period, the air entering through the intake valve sets up vigorous tur-

bulent motion inside the cylinder, and this improves mixing of the gas-

oline with the air and residual gases and speeds up vaporization of the

gasoline;

"b) vaporization of the gasoline during the compression stroke,

when the vortical motions of the mixture slow down to some extent and

tChe pressure and temperature inside the cylinder rise rapidly.

Vaporization in Intake Stroke

In an injection-type engine, the gasoline is fed into the cylinder

through a special nozzle in a finely atomized state; simultaneously

with the gasoline, air enters through the intake valve at a speed of

about 80 m/sec.

At a certain point in time, therefore, a spray of gasoline con-

sisting of minute droplets from 1 to 5 p. in diameter is being acted

upon by two air flows which, being directed onto the surface of the

spray at different angles, give rise to a chaotic vortical motion re-

"lative to the surface of the gasoline droplet. It is this vortical

motion of the air in the engine cylinder that produces the extremely

high rate of evaporation of gasoline in the engine's cylinder.

, For the intake stroke, the pressure in the cylinder may be re-

garded as equal to atmospheric.

The high speeds of the vortical motion of the air and the low

pressure inside the cylinder are the favorable factors that insure a

high rate of gasoline vaporization in the engine cylinder during the

intake str'ko.

Vaporization During-Comprpesion Stroke

In certain cases, vaporization of the gasoline in the cylinder.

% has not been completed at the end of the intake stroke, but contix:.
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i=C,

into the compression stroke.

The conditions for vaporization of the gasoline in the compres-

sion stroke differ considerably from those prevailing during the in-

take stroke. The fundamental differences in the gasoline-vaporiza-

tion conditions in the compression stroke are as follows:

a) the vortical motions of the air slow down during the compres-

Ssion stroke, but the air continues to move as a result of the piston's

motion; the speed of this motion is about 10 to 11 m/sec;

b) the pressure inside the cylinder rises sharply, reaching 15 to

20 atmospheres, depending on compression ratio and supercharging;

c) the temperature of the air (mixture) rises sharply and may

reach 400 to 5500 by the time the mixture is ignited.

Consequently, vaporization of gasoline in the cylinder during the

compression stroke is somewhat retarded by the increased pressure and

accelerated considerably by the sharp increase in air temperature.

In view of the relatively light fractional composition of gaso-

lines, we may assume that the influence of high air temperature on

vaporization of the fuel is considerably greater .than the retarding &

effect of the elevated pressure in the cylinder during the compression

stroke.

Influence of Air TemPerature on Vaporization

The speed and completeness of vaporization of the gasoline inject-

ed into the engine cylinder is determined to a considerable degree by

the temperature of the air entering the cylinder.

Depending on the temperature of the outside air and supercharging

"* pressure, the air may be heated to 50 to 100° even in the engine's

supercharger. On entering the cylinder, the air is further heated as a

"'"result of contact with the hot surfaces, as well as by nixinC of the

fresh air with the residual gases inside the cylinder. During the in-
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duction process (intake stroke), the temperature of the air is raised

by 50 to 100 ; by the beginning of the compression stroke, the mixture

temperature has reached 100 to 2000. In engines with compression ratios

from'6.0 to 7.0, the mixture temperature reaches 400 to 5500 and the

- pressure 15 atmospheres by the end of compression.

"TABLE 14

Influence of Temperature Conditions in Engine on
Vaporization of Gasoline

'""2 3 llcuapenle Ton.na

"TesnepaTy- B 1II~lIpe (B %) spR
1 P& CToG a-0-- 0,7 a-LO

-"". .pa, 1 Teo=epaTypa BosAyxa, T

""".25" 50° f25. 50

* -• 5 Arna~uaomIl Genana B-100/130 . 20 61 79 7 88

so 07 99.7 111* 100S
6 AsTooinahlwfa 6e3na A-6 . . . 20 43 55 45 64

-50 60 70 P 6 77

1) Gasoline; 2) temperature of chamber and cylinder
walls 0C; 3) vaporization of fuel in cylinder (in %)
at, 4) air temperature, 00; 5) B-100/130 aviation
gcsoline; 6) A-66 automobile gasoline.

"Research has shown that for a given quality of gasoline, the speed

and completeness of its evaporation in the engine cylinder are deter-

mined in the final analysis by the temperature conditions under which

the motor is operating.

For each grade of gasoline, there exists a certain minimum temper.

ature at which the gasoline will be completely vaporized in the engine

chamber, depending on Its fractional composition. This minimum tempera-

ture necessary- for vaporization of the gasoline is determined by the

. empeatuare state of the engine and tha temperature or the air entering

the cylinders.

Gasolines of light fractional composition vaporize practically 1.i-

stantly on injection into an operating, warmad-up en•gui d go ov, '
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into the gaseous state.

As the fractional composition of the gasoline becomes heavier (for

a given set of engine temperature conditions), vaporization of the gas-

oline deteriorates. This phenomenon is clearly illustrated by the data

of Table 14.

In examining Table 14, it should be taken into account that these

data were obtained inder engine-operating conditions in which high

turbulence of the air is observed in the engine cylinder. Consequently,

these data cannot be extended to the time at which the engine is start-

"ed, when the cylinder-wall temperature may have been brought up to the

necessary level, but motion (turbulence) of the air is almost totally

S absent. On starting, vaporization of the gasoline injected into the 0- ý-.

cylinder approaches the conditions of static evaporation of a stream

of gasoline in quiet air.

Influence of Velocity of Air Motion on Vaporization

Until recently, investigators regarded air turbulence in the en-

gine cylinder a,, a factor that exerted a strong influence on the rate

of propagation of the flame front, without having any link to the pro-

cess of gasoline vaporization.

.However, intensification of the air's turbulent motion in the cy-

linder gives rise to an increase in tne rate of flame-front propaga-

tion, not only due to mechanical agitation of' the burning mixture lay-

"or, but also as a re~ulr. of ''e more complete vaporization of the Saso-

"line and the more uniform distribution of the fuel throughout the vo-

lume of the air.

"The speed at whioh the piston is travelling is determined by the

number of ungine -pmIs and the length of its stroke, and may be corn-

puted by the tollowing formula.
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where I is the speed of the piston in m/sec, s is the length of the

piston stroke in meters, and n is the number of engine rpm's.

For an engine with a piston stroke of 170 mm operating at 2000

rpm's the. piston speed is

an 0,17.2000 ==Lm/sec

Experimental researches confirm that the rate of displacement of

the air in the cylinder is about 12 m/sec when air is entering the cy-

linder at a rate of 80 m/sec.

Experimental studies have shown that the intensity of air turbu-

* lence in the cylinder exerts enormous influence on the speed and com-

' pleteness of vaporization of the gasoline injected into the cylinder.

As a rule, all other conditions the same, vaporization is better

- . the higher the turbulence of the air.

". . The strong influence that turbulence exerts on gasoline vaporiza-

"tion is due to the following factors:

a) the high velocity at which the air is moving breaks up the

stream more thoroughly and reduces the size of the gasoline droplets,

thereby increasing the vaporization surface;

b) the high speed at which the air is moving accelerates vapori-

zation of the gasollne drops because the air draws vapor from the drop

surfaces &nd carries the vapor away from the iUediate vicinity of the

"dropsi

a) turbulenoe considerably improves the exchange of heat between

the various lyers of air and, consequently, L ten.ifiee heating of the

.. * gasoline droplets suspended in the ail;

d) in turbulence, i.e., when we observe a high speed of mass t.rans-

for relative to the evaporating droplet surface, the procezz In wh]"C'

gasoline vapors diffuse into the air increases sharply.
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The influence of intensity of air motion on gasoline vaporlzation

* ,. is shown below.

C1 ]Icuapen.s 6cuunna (a.%) npa Temne-CRou nAb jaYpe wnupa 500 a usAoya 2D0C

045 71 7860 75 83

1) Rate of entry of air into cylin-
der, m/sec 2) vaporization of gas-
line (in A} at cylinder temperature
of 500 and air temperature of 200 C.

* Influence of Temperature State of Engine on Vaporization of Gasoline

TABLE 15
Cylinder-Wall Temperature at which Fuel is Fully
Vaporized

.2 - ' p ._ ITezuelpaypa cae-2-eouep•p• x v(aw•, "*C 
*son -naupa

______________ 4 5 3- A *Q'P

H.3R 108 1511 go%2)? 13
9 -10~ ....... 3080 61 2 140 79 U0 1

1) Fuel; 2) boilitw temperature, °C; 3) cylinder-
wall and combustion-chamber temperature (in 0c)
at; 4) initial; 5) final; 6) B-70 aviation gaso-
line; 7) A-66 automobile gasoline; 8) tractor
ligroin; 9) kerosene.

The speed with which an a';iation engine can be prepared for take-

off and its normal operation usually involve attatnment of a certain

temperature regime in the engine.

The thex=a state of the erngine is ordinarily judged from- the tern-

peratu•e of the coolant and the oUl temperature In the system and at

the outlet, etc.
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Bringing the engine up to a certain temperature is dictated by

the necessity of ensuring complete vaporization of the gasoline in the

cylinder by the time the mixture is ignited.

The minimum temperature necessary in the engine's combustion cham-

ber will be different for gasolines with different fractional composi-

tions. The heavier the fractional composition of the gasoline, the

higher will be the temperature inside the cylinder at which it vapor-

izes completely. This statement is clearly illustrated by Table 15,

which shows the minimum cylinder-wall and combustion-chamber tempera-

tures necessary for complete vaporization of fuels having various frac-

tional compositions.

The figures in this table indicate that under normal conditions,

gasoline is completely vaporized in an aviation engine if the cylinder

"and combustion-chamber walls are no cooler than 72°.

In operation on automobile gasoline, this temperature may not fall

lower than 1100.

Consequently, there is every Justification for assuming that prac-

tically all of the gasoline is In the vapor state in a warmed-up avia-

tion engine by the time the mLxture is Ignited.

VAPORIZATION AND MAIXTURE IFQR14TION IN COMPRSMION -IGNITION LMOINES(DIdES=)

xIn compression-ignitior. engines, the minxng and combustion pro-

cesses ate superimposed on one another. Very little time Is allowed for

mixing processos and for preparation of the uel for corbustion in

these engines. As a reault, uniform dittribution ot the fuel In the air

. .. volume i an exceptionally important eactor. Distribution of the fuel

droplets over the entire combustion-chamber volu*e in achieved by fine

atomltalon of the fuel and by g•vinZ- the aprk3 a certMan zhapn an-
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In the initial stage of mixing, isolated zones at which fuel va-

pors have accumulated form in the volume of the compressed air. As the

fuel drops evaporate, and under the influence of turbulence, the iso-

lated zones of fuel vapor expand to form more or less large volumes

filled with fuel vapors.

For given fuel characteristics, the completeness of vaporization

of the atomized-fuel droplets and mixture formation are determined by

the fineness and uniformity of the spray, proper selection of the shape

and size of the-co-m-the-ambi-ent temperature and the time provided for

these processes. The chemical composition of the fuel exerts virtually

no influence on the mixing process.

It is assumed that due to the extremely limited time available for

priming of the mixture in compression-ignition engines, the vaporiza-

tion process of the fue) is not completed by the time it is ignited.

This is one of the basic reasons why combustion in a diesel begins with

almost simultaneous ignition of the mixture at different points. The

nature of the combustion-process development in this case will be deter-

mined chiefly by chemical (oxidation) reactions.

Fineness of Atomization

The fineness of atomization is determined by the average droplet

size in the spray cone. Atomization is regarded as fine if the average

fuel-droplet diameter is relatively small and as coarse if the average

droplet diameter is large.

Prof. T.M. Mel'kumov takes the position that the average droplet

diameter of the atomized fuel is 2 to 5 4 for high-speed diesels. Given

such a droplet diameter, the dose of fuel injected into the cylinder is

broken up into several million drops.

When the injection pressure is raised, the average droplet dia-

meter diminishes and, consequently, the fineness of fuel atomization

-127



increases, as will be seen from the following data.

1 i eaunoe spuca, am IT0t0o 11V 200 M B300o

2 Cpevnrk Aa.erp maue.m. :onann, .w 40,00 33,75 21,75 20,00 13,75 4,37

1) Injection pressure, atmospheres; 2) average
',.. " fuel-droplet diameter, p.

The data above indicate that as the injection pressure is increas-

ed by a factor of 6, the average fuel-droplet diameter is reduced by a

factor of 9.

With increasing density of the medium into which the fuel is in-

jected, the fineness of atomization increases. However, Prof. T.M.

Mel 'kumov has advanced the hypothesis that this qualitative relation-

ship can obviously be correct only up to a certain limit, above which

the reverse effect may occur, i.e., an excessive increase in back pres-

"sure will slow the motion of the stream considerably and interfere with

its decomposition into fine droplets.

These conclusions are also confirmed by experimental rese~arch.

Thus, for example, on injection of fuel into a cylinder at atmospheric

pressure, the average droplet diameter is 23 p.; at a cylinder pressure

"of 5 atmospheres, the average droplet diameter is 17 p and at a 10-

"atmosphere cylinder p essure the average droplet diameter is 13 p..

Thus, an increase in injection pressure by a factor of 2 causes

a reduction of approximately 20% in average fuel-droplet diameter.

The viscosity and surface tension of the fuel exert considerable

.- influence on its atomization. The higher the viscosity and surface ten-

sion, the poorer the atomization, i.e., the largor the average diameter

of the atomized-fuel droplet.

IL'IURE FOR?4kATION IN GAS-TURBINE ENGINE'S

In piston engines with spark ignition, combuztIon is detern,.&-',o
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a considerable degree by the chemical composition of the fuel.

In gas-turbine engines, combustion is chiefly a function of the

physical characteristics of the fuel. For this reason, mixing and the

characteristics of the fuel, which influence mixing, will determine

the combustion process to a considerable degree in gas-turbine engines.

In examining the processes of mixing and combustion, we may arbi-

"trarily break the gas-turbine engine's combustion chamber up into three

zones: 1) a mixing zone, 2) the combustion-zone proper, and 3) a zone

of final combustion and dilution of the gases with secondary air.

Under real conditions, these zones do not have sharp boundaries

and one merges into the other progressively with overlapping.

It has been established by research that the proficiency of the

mixing process is determined primarily by the fineness of atomization,

the vaporizability of the fuel, and the Intensity of air turbulence.

Injection and Atomization of Fuel

"Injection and atomization of the fuel Li the combustion chamber

of the gas-turbine engine represent the initial stage in the cycle, and

oii-o* that determines to a considerable degree the course of its subse-

quent stages.

The quality of fuel atomization is evaluated by the fineness and

-. ,uniformity as well as the range of the Lijected jet.

"* 'iThe fineness of atomization is ohaiacterize4 by the averi.ige dia-

tiieter of the atomized-fuel droplets; the narrower the range into which

the droplet diameters fall, the more uniform is the atomization. The

more uniformly the fuel is atomized in the volume of the air flow pass-

,ng through the combustion chamber., the more complete will mixing be-

come.

"Vaporization of Fuel

.The droplets of atomized fuel, which are in the suspended state,
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evaporate and move in the direction of the combustion zone. The vapor-

ization process of finely atomized fuel droplets moving at a certain

velocity relative to the medium surrounding them is extremely complce.. .

When a fuel droplet is washed by a stream of air, the flow breaks

away at its surface, and a dead zone forms behind the drop. As a re-

sult, vaporization takes place at different rates from various zones

on the dr'op surface. In this case, the rate of vaporization is deter-

mined not only by temperature, the pressure of the medium, the vapor

pressure of the evaporated fuel and droplet size, but also by the hy-

drodynamic conditions of the process, i.e., by the speed of the rela-

"tive motion of the gas flow and its turbulence.

As the drop moves in the flow, the temperature of the surface and

the liquid nucleus of the droplet rise steadily as a result of heat

transfer from the combustion zone. It is assumed that when the temper-

ature of a fuel droplet has reached the liquid's boiling point, the

saturation vapor pressure at the droplet surface is higher than the

prevailing pressure. Under such conditions, the rate of diffusion of

fuel vapor into the surrounding medium (air) becomes very large. In

this case, the rate of droplet evaporation in the gas flow is deter-

mined chiefly by the flow of heat from the surrounding medium to the

droplet surface. A theoretical and experimental investigation of the

heat-transfer processes and the rate of heating of droplets in a gas

stream has been made by Prof. D.N. Vyrubov.
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Chapter 6

COMBUSTION OF FUELS IN ENGINES

Internal-combustion engines are heat machines intended for the

conversion of the chemical energy of a fuel into mechanical energy.

Chemical energy is converted into mechanical energy by burning a fuel

"in the combustion chamber of an engine and using the work of the ex-

panding gaseous products of fuel combustion.

On the basis of the technical principles involved in the deriva-

'C:' -. tion of mechanical energy, thermal engines can be divided into piston,

9 " turbine, and jet engines. On the basis of the combustion process, we

distinguish continuous-combustion and periodic-combustion engines; on

the basis of the fuel-ignition method employed, we distinguish auto-

ignition and forced-ignition engines.

Generally, gasoline, kerosene, solar, and heavier fractions of

petroleum are used as the fuel in interna2-combustion engines.

"The combustion of a fuel is a fast chemical reaction involving the

"oxidation of the fuels with oxygen, and this reaction is accompanied

with the liberation of heat and the appearance of a flame. The process

* " of fuel combustion in engines lasts for thousandths of a second. In

order for the fuel entering the combustion chambor of the englie to be

completely burned up during such a short interval of time, the fuel is

subJocted to preliminary preparation involving its atomization, vapori-

zation, and the mixing of the fuel vapors with an oxidizer.

The chemical preparation of the mixture takes place simultaneouzly

and involves the initial preflame reactions between the fuel molcce'..
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and the oxidizer. The extent of the chemical preparation of the fuel-

oxidizer mixture is determined by the temperature and the pressure of

the mixture.

Generally the oxygen of the air is used as the fuel oxidizer in

engines. Only in oertain types of engines, in particular in liquid fuel

rocket engines, are special chemical compounds (nitric :%cid, liquid

oxygen, etc.) used as oxidizers.

In order for the chemical reaction of combustion to begin in the

prepared fuel-air mixture, an initial flame focus must be created with-

"in the mixture, and the flame must propagate from this focus throughout

the entire mixture until complete (total) combustion is achieved. In

engines, the initial flame focus (the ignition of the mixture) is gen-

"erally accomplished by means of an electric spark (forced-ignition

engines). Another ignition method is possible, and here the entire vo-

lume of the fuel-air mixture is heated to a tempevatuiie at which the

initial flame foci appear spontaneously -(without forced ignition) with-

in the mixture (autoignition engines - diesels).

The propagation of the flame fror the initial foci takes place as

a result of the heating of a thin layer of fresh mixture in contact

with the surface of the flame focus, and this layer is heated to a tem-

perature in excess of the ignition temperature. The ignition of a fresh

mixture is enhanced by active particles - atoms, radicals, and ions -

diffusing into the fresh mixture from the igniting mixture. The thin

layer of gas in which the combustion reaction takes place is referred

to as the flame front.

In order for the flame to begin its propagation through the mix-

ture the following conditions must be maintained. First of all, the

energy of the initial flame focus (the power of the spark) must be

sufficiently high. Given inadequate spark power, the heat liberated in
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TABLE 16
"Concentration Limits for Propagation of Flame for
Mixtures of Fuels (Combustibles with Air [i, 2)

2 Fpaumka rparntA
3aP411ramr, =a1H1ranxn

..... . a 16 rop.o- a % ropm-
'oero hio Fopsneo 'oro no,.... .o6Lbo~y _of3'Louy

-1 1OW px_ - 0ID(- Dopx-

ORHch yraopoAa . . .. 4,5 74,0 Tonyon ..... ,4 6

"-, mZ ....... 2,5 80,0 1o30ONraH. ..... 1,1 -
.MeTan. .. . . 5,3 14,0 A eTon ...... 3,0 11,0"OTa. ... ...... 0 M, , rnoa,, Cnhpr 2 : 6,7 36,5
YOIpon..n 2.........2,2 9,5 1Tn7tOniDit ChnpT . 22. 3,3 10,0

W,94. -1,9 8,5 3THA.1ODft 411P 2 1,9 48,0
+ uYT13W en ....... ... 2,0 9,6 Oximc, auranozia 29. 3.0 80,0
L4JI~fT&H. .. .. .. ..... 1,5 7,8 X11z3?sIa-Uopezwcb 2. 2,3 -

1rexca . ........ 1,2 7,5 MeTn.•naxh- . . . 4,9 20,7
15 i'zaorehxcait. .. ...... 1,3 8,0 Th1MOTI!JI11HI 2,8 14,4

l Q.-. 4o1 Geioa .. . . 1,4 7,1 Tp ituvear u n . 2,0 11,6

1) Fuel (combustible); 2) ignition limit in % of
fuel (combustible) by volume; 3) lower; 4) upper-
"5) hydrogen; 6) carbon monoxide; 7) acetylene; 81
"methane; 9) ethane; 10) propane; 11) butane; 12)
butylene; 13) pentane; 14) hexane; 15) cyclohexane;
16) benzene; 17) heptane; 18) toluene; 19) isooc-
tane; 20) acetone; 21) methyl alcohol; 22) ethyl
alcohol; 23) ethyl ether; 24) ethylene oxide; 25)
diethyl peroxide; 26) methylamine; 27) dimethyla-
mine; 28) trimethylamine.

the initial flame focus is dispersed throughout the volume of the fresh

mixture and there is no flame propagation. Secondly, the content of

fuel in the mixture must lie within a definite range, beneath and above

which flame propagation will not take place regardless of the power of

the i.-*.tion spark. We distinguish an upper ignition limit which is ob-

tained with the highest fuel (combustible) content in the mixture, and

a lower limit which occurs in the case of least fuel (combustible) con-

tent in the mixture. Table 16 presents the values of concentration ig-

nition limits (limits of flame propamation) for' mixtures of certain

"fuels (combustibles) with air.

Consequently,. the process of fuel combustion in engines can be pr,- -

sented as consisting of several individual processes: the phyzlcaz.".
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.. chemical preparation of the fuel-aIr mixture, the formation of the

." > initial flame foci (ignition of the mixture), and the propagation of

the flame from the initial foci through the fresh mixture.

•.. Depending on the manner in which the initial flame foci were form-

Sed within the mixture (forced ignition or autoignition), the subsequent

t propagation of the flame from these foci takes place in a variety of

ways. In the case of autoignition, when the mixture is heated to a suf-

"ficiently high temperature and is chemically well prepared, the flame

is propagated at a substantially higher rate than in the case of the

* ignition of a cold mixture by a spark.

In view of the turbulent motion of the fuel-air mixture in engines,

-D. individual portions (volumes) of the fresh mixture may enter an area

* . behind the flame front, into the products of combustion heated to high

temperatures. Therefore in forced-ignition engines some portion of the

fuel is subjected to combustion as a result of autoignition. At the
- .same time, in autoignition engines a substantial portion of the fuel

.., injected into the cylinder, subsequent to which ignition took place,

is burned up as a result of the propagation of the flame through a

comparatively cold and chemically poorly prepared mixture.

Consequently, in each type of internal-combustion engine a portion

of the mixture is subjected to combustion at a high rate as a result of

autoignition and the remaining portion - at a slower rate - as a result

of the propagation of the flame through a "cold" and chemically poorly

prepared mixture.

intoThe greater the fraction of the mixture consumed as a result of

•* 'autoignition, the greater the quantity of heat released per unit time

*Into the combustion chamber of the engine, and the greater, all other

conditions being equal, the efficiency of the engine. This method of

increasing engine efficiency has a number of limitations associated
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with the disruption of the normal combustion process when the above-

determined limits ofthe portion of fuel consumed as a result of auto-

ignition are increased. In the majority of cases, these limitations

are associated with the features encountered in the preflame chemical

reactions in hydrocarbon-air mixtures.

PREFLAME REACTIONS IN THE CASE OF THE AUTOIGNITION OF HYDROCARBON-AIR
MIXTURES

In hydrocarbon-air (or oxygen) mixtures heated to temperatures in

excess of the autoignition temperature, the appearance of flame foci

is preceded by preflame chemical reactions. The preflame reactions in-

volving the interaction of molecules from the fuel (combustible) and

oxidizer become possible at a mixture temperature substantially lower

than the autoignition temperature. These chemical reactions are exo-

thermic, i.e., they take place with liberation of heat. In this case,

the temperature of the reacting mixture increases, and this in turn

results in an increase in the rate of the preflame reaotions.. If the

quantity of heat removed from the reacting mixture is less than that

liberated during the reaction, after a certain interval of time (igni-

tion lag) the mixture will heat up to a temperature in excess of the

autoignition temperature and an explosion will occur.

* * Figure 33 shows the autoignition limits for hydrocarbon-air mix-

tures as a function of pressure and mixture temperature. The region in

which the mixture ignites can be divided into threa nones - a low-

temperature, a transition.. and a high-temperature zone.

The preflame oxidation reactions are chaln reactions with degener-

ate branching of the chains, iLe., reactions ia which the brnohing

of iýhe chains is governed by stable intermediate produots- perox-de"s

'-A and aldehydes - which decay substantially more easily thain the Iti.tin

substances and form three radicals - active centers of reaction. T11.
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above-enumerated "ignition zones

-' ". •r'c differ from one another in terms

of the nature of the reactions

which result in the degenerate

"0 -•- branching of the chains. The ini-

t orf 7/ N"IM4 tiation of the chain reaction i.-

%ZOO .the gas mixture can be represented

by the following equations:
Fig. 33. Typical diagram of au-
toignition zones for hydrocar- O R +O"-'
bons. I) Zone of high-tempera-
ture single-stage ignition; II) 2 R0O
zone of low-temperature mlti-
zstage inittion; III) transition (peroxide radical).

zone 1) oldflame.
The subsequent development of

"a chain reaction in each of the autoignition zones is shown in Table 17.

The substances responsible for the branching of the chains in the

low-temperature and high-temperature zones are, respectively, the per-

oxides and the aldehydes. In order to branch the chains through the

peroxides a small energy of activation is required; therefore, the bran-.

ching imy take place at relatively low temperatures. In the case of high •-'

temperatures the peroxide radical decays and a branching reaction throu- .•*.

Sh the aldehydes becomes possible, and for this reaction to take place

a higher activation energy is required than for the bra-nching through

the peroxides. ,

In the trwisition zone, the chains become branched primarily as a

result of th interaction of the peroxide radicals with the aldehydes,

i.e., the interaction of those substanoes which result in the branching

ot the chains in the low-temperature and high-temperature zones.

in view of this, periodic self-oscillatory chemical reactions may.

talw place in the transition zone.

In References (3, 41 D.A. Frank-iCamenetskly developed the theory
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TABLE 17
Basic Reactions in the Development of Chains in
Various Autoignition Zones

/o .. i j 2 OcnoauMe peaxulna

UjaaenWEu 3 npoaonomuO 4 pommloe1:2.•i tenim MMUa M1T8n

5 rouuopa- RO100" l - RO+H
6 ROO-# R0111-, 'ClO+0H fOO+Rl0O1I-1 0+6H+

O-OH +11 CO
.. "i" " .. 611+P,,H -. A+HO

7 tbecoxo- -6 -H-+RcHo -4 c11 20O + H*B'CHO+O,--0 R-Cd+HO.
Teunepa- ac~u .f'H+To~apa-R'C0-'+R11 _1 11'C1lO+ik C]34O+0O1-.4 10+1l0a

,•-..2 Tl'l~s BOo -.WOR'C.R Ji0O

1) Autoignition zone; 2) basic reactions; 3)
continuation of chain' 4) degenerate branching;
5) low-temperature; 6S transition; 7) high-
temperature.

of the occurrence of self-oscillatory chemical reactions in the oxida-

tion of hydrocarbons. Subsequently, Yu.G. Gervart and D.A. Frank-

Kamenetskly set up experiments in which they observed the periodic oc-

currence of cold flames in a fuel-air mixture £5].

A feature of the transition zone, closely associated with the phe-

nomenon of periodic preflame reactions, is the anomalous change in the

" " autoignition lag: with a rise in temperature the autoignition lag does

not dtrnish, but rather increases. These features encountered in the

*, preflame reactions in the transition zone are of groat practical signi-

"4 Licance

If the cold fuel-air mixture enters a zone of relatively high tom-

peraturoc, as the mixture heats up preflame reaotlons will take place

within the mixture and these will initially correspond to a low-temper-

ature zone, then to the transition zone, and finally to the high-tc.-..

perature zone. In these cases, we find the phenomenon of multtstagz
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ignition. fe:e:'_l fashes of a light-blue flame (the so-called "cold"

flame) appear in a fuel-air mixture during the autoignition lag and

correspondingly there are a number of pressure jumps.

After a number of such flashes the mixture ignites. The intervals

'2 , between the pressure jumps or flashes of cold flame characterize the

duration of each stage of the multistage autoignition process. There

is reason to expect that the appearance of these cold flames will take

place each and every time there is a change in the nature of the re-

* actions determining the degenerate branching of the chains (for ex-

ample, with a change in the temperature of the mixture and the transi-

tions of the mixture from one ignition zone to another).

The nature of the preflame reactions taking place within the mix-

ture is also a function of the phase state in which the fuel enters

* the high-temperature zone. If the fuel enters the high-temperature zone

in the liquid phase, in the form of drops, yet another stage in the

multistage autoignition process Is possible, i.e., the liquid-phase

stage of fuel oxidation.

THE EFFECT 01 LIQUID-PHASE OXIDATION OF A VAPORXID FUBL ON THE COURSE
OF PREFLAME REACTIONS IN ENGINES

The oxidation of hydrocarbons in the lqL ¾i plha.te may take place

at substantially lower temperature:• than in the case of vapor phase.

We can expect that in engines drops of atomized cold fuel will be sub-

Ject to sufficiently intense liquid-phase oxidation to the point at

which they vaporize. This liquid-phase -xidation may have a substantial

effect on the course of the subsequent preflame reactions in the vapor-

1 .41 izing fuel. To this time no exporimcntal verification of the posoibili- .'.-

ty of liquld-phaze oxidation of drops c.2 atomized fuel in engines has

beean undertawken. We set up the follnwing experiwents which confirmed

the possibility of the liquid-phase oxidation of fuel drops in engiles.
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Fig. 34. Installation for investigation of
oxidizability of fuel droos. 1) Air to drop-
per; 2) to vacuum PUMP; 3) from air blower.

The investigation wab carried ouat on a laboratory installation of

which we present a diagram In Fig. 34. The Lis'tallation consisted ofa
fueltan 1 ~tha doppr -hus -nkn lt poaalble to produce drops

of desired dimensions; P_ reactor R~ In whch the given temperaltue

pressure, and rate of air flow was >itained; mceivers for the liquid

2 and condensing. vapor' 3 XuO. pmases. The vaporrizd portion. is conden-

aed in the coolerMI

Is e coolers ' and Xh,. restricted the d! --nslons. C the reactlo.

* zt~.-he air which enteredith reactor var, hoated by furnacoa H. i

o - l .o

- .s,* . . . . . *
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compensate for the heat losses

in the reactor, the latter was

equipped with an electric heater

•lI which maintained the air temper-

ature (t 2 ) at the outlet from
i0 100 200 300 400 600

2 TeMneparnpp. °c the reactor equal to the air

Fig. 35. Effect of temperature temperature (tl) at the inlet to
on oxidizability of fuel drops
(drop diameter, 1.0 mm). 1) the reactor. The air flow rate
Oxidized molecules, %; 2) tem-
perature, °C. was determined by means of rheo-

meters Rand R2 , and the air

pressure was determined by means

of manometer m. The dimensions
-- k;,

3 of the drops are estimated by

" . "means of a counting microscope

FiQ. M. A Judgment was arrived at

".2 9u1 r .e 8 1p 0 42 11.M. with respect to the degree of

.36. Effect of drop dimension oxidation of the drops and fuel
on the oxidizability at an air
.temperature of 3000 1) Oxidized vapors collected in receivers 2
molecules, %; 2) drop diameter, and 3 by the direct determina-

tion of the oxygen content

through a microscope. The obtained results were expressed in the form

of a conditional percentage of the oxidized moleculvs. If we assume,

for example, that each molecule of diesel fuel with a molecular weight

of 178 is bound to 1 atom of oxygen, the oxygen content in % by weight

in the oxidized fuel amounts to (16 x 100) / 178 + 16) 8.25%. This

quantity corresponds to 100% of the oxidized molecules. If the oxygen

content a in the fuel is expressed in % by weight, the percentage of

. ' oxidized molecules will be:

A* am 12,13 a.
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D.Z. brand diesel fuel, derived from Baku petroleum, and boiling 0

"off within a range from 190 to 330°, was subjected to oxidation. The

oxidation was carried out at a reactor pressure of 700 mm Hg, a temper-

ature of 100-500, and drop dimensions of 0-1.4 mm. The time spent by

the fuel drops in the reactor was determined by computation [61 and

amounted to - 0.07 sec. The time spent by the fuel vapors in the reac-

tor was equal to 1 1 sec. The results of the investigation showed that

under the given conditions the fuel vapors remained virtually unoxidized.

"At the same time, the fuel drops were subjected to intensive oxidiza-

tion despite the substantially shorter time that they spent in the re-

actor (Figs. 35, 36).

The oxidation of the fuel drops - a heterogeneous chemical process

"whose rate is a function of the rate of oxygen diffusion to the surface

of the drop. With an increase in the air temperature, the rate of oxy-

gen diffusion to the surface of the drop increases. Simultaneously,

* there is an increase in the quantity of fuel vaporized from the surface

of the drop. The formed flow of fuel vapors diffuses from the surface

of the drop and offers resistance to the approaching oxygen diffusion.

"Therefore a change in temperature within the range from 100 to 5000

exerts comparatively little Lnfluence on the quantity of oxidized mole-

*•.i• cules (Fig. 35). A similar situation is observed in the case of a re-

duction In drop diameter. Here we also observe, on the one hand, an

increase in the rate of the reaction as a result of the increase in

surface area per unit volume; on the other hand, an increase in surface

area per unit volume of substance results in an Increase, according to

the 1he3.1. SrznvskIy E73 law, In an Lnerease In the quantit of vapori-

zed fuel. The total effect of these processes results in a reduction of
the degree of oxidation, beginning with drops having a diameter of

.t-.e dere or oxidationI
~'1.0 MM.

4 4 4- i 2 - ,
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The data that we obtained make it possible for us to expect rather

intensive oxidation of the drops under the conditions prevailing in the

engine. Drops of atomized fuel (of all dimensions) are subjected to

some oxidation, even at rather low temperatures. The data presented in

Pigs. 35 and 36 were obtained at a presaure of 700 mm Mg. At higher en-

gine pressures, the rate of oxygen diffusion in the drop increases and

there is a simultaneous reduction in the quantity of fuel vaporized

from the surface of the drop. All of this leads to the pronounced in-

tensification of fuel-drop oxidation.

In the other experiments, the results of which are presented in

Fig. 37, we established a relationship between the oxidizability of'

drops of DZ diesel fuel to which various quantities of organic peroxide

had been added and the cetane number (or the ignition lag) of the die-

sel fuel containing various quantities of .rganic peroxide.

The duration of the ignition lag for the fuel is determined by the

rate of the preflame reactions. in the case of autoignition of fuel-air

mixtures under the conditions prevailing in the high-temperature zone,

the addition of small quantities of peroxide compounds has no signifi-

. cant effect on the rate of the preflame react.ions, since the peroxide

compounds in this case are not the substances which determine the de-

generate branching of the chains. The addition of peroxide compounds

to the fuel under the conditions prevailing in a diesel engine may ac-

.elerate only the preflame reactions taking place in the liquid phase,

i.e., the oxidation reaction of the atomized fuel drops. The results

that we obtained are presented in Fig. 37 and indicate the significant

effect that the liqui4 phase oxidation of fuel drops exerts on the rate

of preflame reacAIn• in the ease of fuel autoignition in a diesel

engine.
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FUEL COMBUSTION IN DIESEL ENGINES

Compression-ignition (diesel)

engines refer to piston engines in

A which air is compressed in cylin-

ders and the fuel injected into

the cylinder at the end of the

o *, /compression stroke is ignited as.a.

"result of high air temperature.

Z D The air pressure in the cylin-

•" E feprcb f, 5 0monnuOs , der of a diesel engine at the end

.Fig. 37. Effect of addition of of the compression stroke attains

organic peroxide on change of 3040 kg/cm2 . Here the air tem-
cetane number (1) and on degree
of liquid-phase fuel-drop oxi- perature rises to 550-650. Such

dation (2). A) Increment in
quantity of oxidized molecules,-• by weight; 1) increment in parameters in the diesel engine~b weight- nuber i•ncrement in
cetane number; C) increment in are attained as a result of a high
cetane number; D) increment in
quantity of oxidized molecules,

by weight; E) peroxide added compression ratio, equal to 13-18.'.,." to fuel, % by weight.
tfl byehThe fuel is sprayed (injec-

ted) into the cylinder of the diesel engine under a pressure of 200-

700 kg/cm2 . The fuel enters in the form of small drops having dimen-

sions of 5-100P.

The supply of fuel to the cylinder of the engine begins some 10-

7 •200 of crank-angle rotation before top center and continues as the

crankzhaft turns through an angle of 20-350. In this case, the follow-

Ing fuel-cupply function is achieved (the time distribution of the fuel

being supplied during the injection period): during the first and last

quarter of the Inteotion period . 25% of the total quantity of fuel in-

jected during the cycle is supplied. The remaining quantity of 75%

. .....is supplied during the second and third quarters.

"The fuel-combustion process in a diesel engine is generally "" "

1 44.
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ed into three phases.

"The first phase occupies the time interval from the instant of

the beginning of fuel injection to the instant of the beginning of a

pressure rise as a result of the fuel ignition that took place. This

time period is defined as the autoignition lag. In the case of high-

speed diesel engines, the duration of the ignition lag is (0.5-2) x

x 103 sec.

The duration of the ignition lag (of the first phase) is primarily

a function of the chemical and physical properties of the fuel, and the.

temperature and pressure of the compressed air.

During. this period of time the preflame reactions occur within

the fuel, and these in the final analysis result in the autoignition

of the fuel.

The duration of the ignition lag determines 'he quantity of fuel

which will be consumed in the engine as a result of autoignition. The

"greater the ignition lag,, the greater the quantity of fuel entering

the cylinder of the engine in time for ignition, and the greater the

portion of the fuel consumed as a result of autoignition.

The second phase begins with the instant of ignition and continues

to the instant at which the maximum pressure of the cycle is attained.

During the second phase the fuel which had entered the engine in time

for ignition is consumed, as is that portion of the fuel which con-

tinues to enter the combustion chamber during the second phase. The

latter is vaporized and consumed as a result of the propagation of the

flame from the flame foci that have originated. This portion of the

fuel is consumed at a slower rate than that which enters the combustion

chamber during the ignition lag and in which, at the instant of igni-

*,.. tion, the preflame reactions took place.

By the end of the second phase, the pressure rises to 60-100 kg/cm
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The rate of pressure increase can attain 6-8 kg/cm2 per 10 of r
"crank angle. The high rate of pressure increase determines the appear-

ance of knocking and "hard" engine operation. It is felt that an en-

gine is operating "softly" at a pressure-rise rate not exceeding 5 kg/

cm per 1 of crankshaft angle of rotation.

The basic effect on the nature of the fuel-combustion process dur-

ing the second phase is exerted by the duration of the ignition lag and

the quantity of fuel which enters during the ignition lag. However,

these quantities determine the rate of pressure increase and the "hard-

ness" of engine operation as well.

The third phase begins at the instant that the maximum pressure is

"attained and continues until the instant at which 95-97% of the fuel

has been consumed. By the beginning of the third phase, the supply of

fuel usually ceases. The rate of fuel combustion during this stage is

substantially lower than during the second phase, since the combustion

takes place under conditions of reduced oxygen concentration, dilution

of the combustible mixture by the products of combustion, and under

* conditions of reduced pressure in the cylinder as a result of the pis-

ton shift. The duration of combustion during this phase is determined

primarily by diffusion processes.

-- Conditions for the Most Effective Establishment of the Combustion Process

The economy of the engine is evaluated by the magnitude of the

"specific fuel consumption, i.e., the fuel flow rate per unit of power,

"in an hour.

"The specific fuel consumption g, per I indicator force in an hour

can be oalculated from the following equation:

where and T ae, .tŽ p0u.--'e and temperature of ", •
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ambient medium; IV is the fill factor; a is

the excess air ratio; L0 is the theoretical

Pe/cn "1 "quantity of air per m3 required for the total

" "(complete) combustion of 1 kg of-fuel at 150

0 and 735 mm Hgj Pi is the mean indloator pros-
7'

60 sure - the conditional excess constani pres-

sure - which acts continuously on the piston

S . "during the course of a single stroke and ac-

210 complishes work equal to the indicator work

VhA . during a-yele; K is a proportionality fac-

3Qý 60 90 IN5 ISO tor.*
S, p Val

Fig. 38. Theorectical In Eq. (1) the indicator which is a
and experimental indi-
cator diagrams in P-V function of the nature of the combustion pro-
cogrdinates. 1) P, kg/
cm; 2) a, deg. cess is P1 . Figures 38 and 39 show the Indi-

cator diagrams of ideal and real cycles in

the following coordinates: PV (pressure and volume) and P-a (pressure

and the angle of crankshaft rotation).

The mean indicator pressure of an actual cycle can be calculated

in terms of the magnitude of the hatched area S (Fig. 38): Pi S/Vh"

The greater the area S or an equivalent area bounded by the curve

bcdeb (Fig. 39), the greater the value of PL for a constant cylinder

volume Vh.

The value of the area S will be at its maximum upon completion of

the theoretical cycle, i.e., as the pressure in the engine cylinder

changes in accordance with the curve ABODE (Fig. 39). Because of engine

.'.-. heat losses brought about by heat transfer, the peculiarities and in-

completeness of combustion, and hydraulic losses, the actual indicator

" " diagram (bcdeb) differs from the theoretical.

The extent to which the actual indicator diagram can be approxi-

-147-I- ~ ~ -• e_4-e
•~ ~ ¶ ...- *4-- .'-. -.- <'-."-':. .•- :..--.--'.-.* -t -: , . "-.,. . . -:'-.' .%•'-: .'-•' .



70

NVC
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160 150 1 30 60 30 300 60 SO 120 150 j80a.o D.
1 6.mm.

Fig. 39. Theoretical and experimen-
tal indicator diagrams, in P-a co-
ordinates. 1) Top center.

mated to the theoretical indicator diagram is also limited by the per-

missible rate of pressure increase. A condition necessary for the com-

"pletion of fuel combustion in accordance with the theoretical indicator

diagram is the instantaneous increase in pressure at top center (line

"BC, Fig. 39). This type of explosive fuel combustion results in the
rapid destruction of the engine.

The dimension of the area bcdeb, and consequently, the dimension

of Pi Is a strong function of the instant at which the fuel ignites as

well as of the quantity of fuel that enters the engine cylinder at the

instant of ignition.

We can employ the data presented in Fig. 40 to arrive at a con-

clusion as to the effect exerted by the instant of fuel ignition on

the dimension of the indicator diagram. As we can see from Fig. 4o0,

tho groateot indioator-diagram area dimencions are attained in the

case of fuel ignition at top center or close to top center.

We can employ the data presented in Fig. 41 to arrive at a con-

clusion as to the nature of the effect exerted by the quantity "

- 14-
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injected to the instant of ig-

nition on the indicator-diagram

6 I area.

-. ---- , -. - - Given identical fuel feed

s-- - -during the cycle, the greater

45----
the amount of fuel entering the •

....N -- engine cylinder to the instant :.:

"-O _ . _,, of ignition, the greater the

S--area of the indicator diagram.

'- - Given constant injection

. Icrank angles and a fuel-supply

" ,function, the instant of fuel

40 JO 2 0 jo 20 so J 7#-S ignition and the quantity of

4ii od rfuel injected into the engine"B"Fig. 40. Change in indicator diagram

as a function of the crank-angle lag cylinder to the instant of ig-
* (the numbers on the diagram indicate

the values of the injection crank- nition are determined by the
angle 1) Pressure, atm; 2) de-
.,grees; 3)top dead center, duration (extent) of the igni,-.--

tion lag.

The instant of fuel ignition is determined by the difference be-

tween the duration ¶ of the ignition lag and the injection crank-angle

lag 6. If r > 6, the fuel ignites beyond top center, and this reduces

the area of the indicator diagram and P., If T is equal to or somewhat

.,less than G, the area of the indicator diagram and P have a greater

value.

If, however, T is substantially less than 6, the fuel will ignite

and begin to burn long before the piston reaches top center and a por-

.• tion of the engine power will be wasted on overcoming the pressure

"developed as a result of the combustion of a part of the fuel during

"the compression stroke, and this will make itself felt in reducing the :
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economy of the engine.

•. 4 An increase in r will result in an

2 increase in the quantity of fuel injec-

ted into the engine cylinder to the in-

stant of ignition. In this case, a

-" greater part of the fuel charge is sub-

3. jected to preflame preparation. As a

result, at the instant of ignition there

Fig. ~41. Change in indica- appear a great many flame foci and the
tor diagram as a "function
of the quantity of fuel in- combustion takes place more intensely
jected into the cylinder to
S the instant of ignition. and at a higher rate of pressure in-
1-3) Fuel-supply function;
7" 2 and 4) indicator diagrams crease, and this reduces the time during,
corresponding to curves 1
.and 3; gt) total quantity which maximum combustion pressure is

of fuel injected into cy- attained, and it also increases the time
•'":" linder; 6 gxI and A Ox"

idrad O) required for the complete combustion of

quantity of fuel injected
* to instant of ignition in the fuel. Therefore with an increase in

the case of fuel feed ac-
cording to functions I and ¶ the area of the indicator diagram and

"P increase, and consequently, there is

an increase in engine economy.

The economy of the engine can be increased only to the limit deter-

-, mined by the value of T at which the rate of pressure increase and the*

maximum combustion pressure attain their limit values.

With a decrease in T we will find the opposite situation. Conse-

quently, the ignition lag for the fuel is a basic indicator which de-

termines the promptness of fuel ignition and combustion.

• :.. The requirement for prompt Ignition and combustion of the fuel can

be satirfied if the following conditions are observed.

1. For a given fuel-supply function, the duration of the i 'n,•o 1%

lag must provide for the injection of a quantity cf fuel into the -:
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* ... cylinder to the instant of ignition as can burn up at the maximum per-.

* '*; . missible rate of pressure increase.

2. The fuel must ignite close to top center, and this can be a-

chieved by the appropriate setting of the fuel-injection crank-angle

lag. .,-.

Preflame Processes in a Diesel Engine

As a result of having been heated in the fuel-feed pump and in

the fuel manifold, the fuel injected into the combustion chamber of
the diesel engine has a temperature of 60-100. After vaporization,0

the fuel is heated to the temperature of the compressed air ( ~ 5000).

If we assume that the preflame reactions take place only in the

vapor phase, ignition must be of the single-stage variety, since in

this case there is no change in the mechanism of the degenerate bran-

ching of the chains. At the same time, however, there are numerous

experimental data indicating the existence of multistage fuel ignition

In a diesel engine and, consequently, indicating preflame reactions

in which, with the passage of time, a change in the mechanism of the

degenerate branching takes place .and this change is accompanied with

the appearance of "cold flames."
1-. The multistage aspeets of ignition in a diesel engine can be ex-

plained if we take into consideration the possibility of liquid-phase

oxidation of drops of atomized fuel. In this case the preflame pro-

cesses taking place within the combustion chamber of the diesel engine

can be presented in the form of the following basic reactions (Table
i" .• 18)."""

We can see from Table 18 that the autoignition of atomized liquid

Ji fuel takes place in three stages.
. The first stage o~cupiea the time interval from the instant of

fuel Injection to the instant of fuel vaporizatton. Slight liquid-phase ,.-

151-
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TABLE 18

Basic Chemical Reactions for Preflame Fuel Pre-
paration in a Diesel Engine

CT~l 20a303: 3 Oenornithe peamimia-a io e CO OTO ORHIe

'naae-eannn Ton.na 4 npopoamenns iwen- [ 5 WrApoleoReO"

v6 I-" 92Kx'oe A+o, -+ R06 Roo"i°"Rd+6H

7 2-x I apoloe Roo0-.1d 6+6H RC.-0+O, -.. ,C +•"0""[ R hlH -4 R+IH1O -+Hb

RO+RH -4 A+R'CHO CH,O+0, -,1 HC6+

8 3-x m ooe n6-1 R-CH, 0 -4 00+CHO1r'C6+RH -• RICHO+R

R0O6nR'd+R'CHO

I) Autolgrnition stage; 2) fuel phase; 3) basic
reactions; 4) continuation of chain; 5) degene-
rate branching; 6) first; 7) second; 8) third;
9) liquid; 10) vapor.

" . oxidation of fuel drops takes place during this stage. Hydrogen perox-

ide is the substance which causes the degenerate branching of the

chain oxidation reaction.

"" . The second stage of the process begins at the instant of fuel va-

. porization and continues to the instant of intensive destruction of

the peroxide compounds formed during the oxidation of the fuel In the
"4.

liquid phase.

" This instant of intensive decomposition of the peroxides and the

formation of a high concentration of radicals is commonly, apparently,

associated with the appeazoance of the cold flau.e. The latter may serve

as an indioation of the completion of this stage. Duiring the second

stage a small quantity of alden,'des is formed, and these determine the

subsequent degenerate brwnoting of" the chain oxidation reaction in

this stage.

The third stage begins at the Listant that the cold fiame a ':..

and lasts until the instant of the appearance of a hot flame. Th.
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tensive oxidation reactions, with the branching of the chains through

-. the aldehydes, continue during this stage.

Consequently, the multistage' aspects of the autoignition process

in the diesel engine are attributable to the stage of the liquid-phase

oxidation of the drops of atomized fuel. In those oases in which this

stage plays an insignificant role, i.e., for exabiple with extremely

"high fineness of atomization or at an extremely high compressed-air

temperature and low pressure, in which case the fuel drops vaporize

at a high rate, single-stage ignition is possible. The transition of

the autoignition of atomized fuel from multistage to single-stage pro-

cesses was observed, for example., in Reference (10].

The autoignition of a fuel in a diesel engine differs in nature

--from the autoignition in a spark-ignition engine. In the case of fuel

autoignition in a spark-ignition engine we note the appearance of com-

pression waves and the appearance of "detonation" combustion. In the

2> -. case of a diesel engine, the autoignition of the fuel does not exhibit

this "detonation" feature. The knocking which occurs in a diesel en-

gine at high "hardness" of operation, is superficially different from

detonation (knocking) in spark-ignition engines. In the case of deton-

ation (knocking) there is a drop in power, exhaust smoke, an increase

in the specific fuel consumption, and overh~tting of individual points

of the combustion chamber. Knocking in diesel engines, on the other

"hand, is accompanied by an increase in power and a reduction in the

specific fuel consumptlon as a result of the greater "hardness" of en-.

gine operation. Tn the case of engine operation with knocking, nc local

overheating of component parts is observed.

in Reference [ii] the distinction between the autoignitlon pro-

-eases in diesel and spark-!-niton engines was demonstrated by uti-

lization of a method of motion-picture recording of the propagation of -
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a flame in the cylinder of a diesel engine as well as in the cylinder

of a spark-ignition engine. With autoignition in a diesel engine no

shock waves were observed, whereas these are characteristic of auto-

ignition in a spark-ignition engine. Autoignition in the diesel engine

was accompanied by the appearance of a great quantity of initial flame I

foci from which the flame propagated through the entire fresh mixture

at great speed.

- We pointed out earlier that one of the means of increasing engine

efficiency is to increase the quantity of fuel consumed as a result of
L

* autoignition. As we shall see, because of certain factors the quantity

of fuel that can be consumed in engines as a result of autoignition is

"limited. In diesel engines this limitation is associated with the per-

. missible rate in the pressure rise. The preflame reactions taking place

in a diesel engine are not factors which limit the quantity of fuel

that can be consumed as a result of autoignition.

FEATURES IN THE CONBUSTION OF FUEL IN ENGINS OPERATING ACCORDING TO
". THE "N-PROCESS"

: Until recently, designers ascrlbed a decisive role to mixture for-

mation during the combustion process in their developwent of diesel en-

gines. It was assumed that in order to attain the greatest economy, as

well as noiseless and amoke-free exhaust operation of the diesel en-

gine, rather fine atomization of the fuel and uniform fuel distrlbution

in the combustion chamber are requiveLd However, the investigations

, carit'cud out If thia dirootion have Shown that to attain the rapid iX--

ing of fuel with air and n±fCoa dintribution of the muetuikfl

in t1he combustion ohamber, contversely, .- e.ults In a pronoureed intent- -

, zit±Oatio of "knocki" L the enine,, as- well as in the poor utilz%, cion"

* of thae air and the appearance of ihtev.en1ive exlaumt nmokt~g in 4all MNŽ
""4..,II.•2
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Moyrer [sic] [13-15] adopts an entirely different approach to the

"achievement of the combustion process in a diesel engine.

The basic feature of this method of carrying out the combustion

process involves the fact that the fuel is injected by means of a

special two-orifice spray nozzle whi±oh atomizes a small quantity of i,-ca

the fuel (5%) into heated air, and injects a greater portion of the

fuel against the wall of a hemispherical combustion chamber in the

piston. The fuel is distributed over the surface of the combustion

chamber in the form of a liquid film having a thickness of - 12 p.

The bottom plate of the combustion chamber is intensively cooled with

oil so that the temperature of the wall against which the fuel is

sprayed does not exceed 3400. That portion of the fuel (5%) atomized

in hea ed air ignites and serves as the ignition flame for the remain-

Ing portion of the fuel which vaporizes from the wall of the combus-

tion chamber.

The described method of combustion has been designated as the

"M-process." Engines operating in accordance with the "M-process" were

"first produced by the MAN Company, and then by others; It turned out

that these engines exhibited high economy';operating noiselessll

("whispering" engines) and with limited exhaust smoke. A unique and

"particularly important advantage, from a practical standpoint, of this

engine is its "omniverous nature": it functions equally well on diesel

fuel and on gasolines.

These features of fuel combustion in an engine operating according

to the "M-process" are a result of the sharp reduction in the quantity

of fuel consumed as a rebult of autoignition.

Proceeding from the general considerations, we spoke above of the

feasibility of reducing the quantity of fuel which enters the combus-

tion chamber to the instant of ignition. However, in the generai exe-
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cution of the combustion process in a diesel engine the time for the

ignition of the basic fuel mass is reduced, and this results in sub-.

"stantial incompletefess-of fuel Combustion.

In the "M-process" a small portion of the fuel being ignited is

injected simultaneously with the basic fuel mass, and this does not

reduce the time required for the combustion of the basic fuel mass.

The thin film of fuel on the surface of the combustion chamber is

subject to inteiisive liquid-phase oxidation. Favorable conditions for

"liquid-phase oxidation prevail, first of all, because of the lower

"volatility of the fuel film in comparison with the volatility of the

atomized fuel and, secondly, the metallic wall of the combustion cham-

ber exerts a catalytic effect, accelerating the oxidation process.

Under these conditions, even fuels that vary in terms of molecular

structure undergo rather intensive oxidation.

The oxidized fuel film gradually vaporizes. The fuel (combustible)

vapors that are formed are ignited by the flame of the ignited fuel.

Subsequently, the mixture is consumed primarily as a result of the pro-

pagation of the flame from the ignition source. Fuels with various mo-

lecular structures have no significant effect on the combustion process

"under these conditions.

"FUEL COMBUSTION IN SPARK-IGNITION ENGINES

There are two types of engines with spark ignition - with internal

.Ltxture formation (direct-injection engines) and with external mixture

formation (carburetor engines).

Mixture formation through the direct injection of fuel is accom-

plished by means of a multi-soetion (in terms of tho number of cylin-

ders) pump. The fuel is injected either into the engine cylinder or

into a special antechamber or fuel collector from whexv it is drawen

into the engine cylinder. This type of engine was used only on a !I-.
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ed scale because of its great complexity and high cost in coTparion

with carburetor engines.

In engines with external mixture formation the fuel is atomized

by the carburetor. In coitemporary engines, the rate of air flow

"through the oarburetor difuser attains 150 m/sec with a pressure dif-

ference (the difference in pressure between atmospheric and the pres-

sure in the diffuser) of up to 0.2 kg/cm2 .

The atomized fuel leaves the carburetor

and enters the ignition collector which has
1*

"..I been heated from the outside by the exhaust

gases, and up to 60-80% of the fuel is vapor-

l \ized here. That portion of the fuel which did

1- not vaporize enters the engine cylinders in

the form of a film and vaporizes in the cy-

linders. The mixture of fuel vapors with air

e , .-. is compressed by a piston and as the piston

2A , reaches a position 20-300 before top center

Fig. 42. Diagram show- (the crank-angle ignition lag), a spark Jumps
ing change in pressure
P and temperature T in across the electrodes of the sparkplug and
spark-ignition engine
as a function of the the mixture is ignited.
angle of crankshaft
rotation (9]. 1) In- A typical diagram of the change in pres-
stant of ignition; 2)
top dead center, sure and temperature in the cylinder of a

spark-ignition engine as fuel is being burned up is presented in Fig.

*' 42 (the GAZ-51 engine). According to the indicator diagram, the combus-

"tion of the fuel in the spark-ignition engine is generally divided into

ti•ree stages.

The first stage - the ignition lag begins from the instant of

"spark appearance in the sparkplug (point 1, Fig. 42) and ceases at the

.-. instant that there appears a pronounced increase in pressure. The Lni-
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.tial combustion focus forms during this stage, and this corresponds to.

the combustion of' 6-8%, by. volume, of the mixture. Therefore the igni-

tion lag in this case is composed of an induction period of ignition

and the time required Tor the fo-mation of the initial combustion

"focus. *1-
"Unlike a diesel engine, the ignition lag in a spark-ignition en-

gine is not directly associated with the rate of pressure increase.

The second stage is the stage of basic heat liberation from the

instant at which the rise in pressure begins (point 2, Fig. 42) to the

instant at which maximum pressure is attained (point 3, Fig. 42). In

this stage, the flame is propagated almost throughout the entire vo-

"lume of-the mixture at a rate of 15-40 m/sec. The rate of fuel combus-

tion during this stage is a function of the compression ratio, of the

crank-angle ignition lag, the composition of the mixture, and similar

* factors (the shape of the combustion chamber, the disposition of the

sparkplugs, the intensity of vortex formation, etc.).

The third stage is the stage of complete combustion at the expan-

sion line (points 3 and 4, Fig. 42).

Conditions for the Most Economical Establishment of the Combustion
Process in a .park-Ignition Engine

The economy of a spark-ignition engine, Just as of a diesel en-

gine, can be evaluated in terms of the specific fuel consumption gi:

T.Pi( ,(2)

where a L0 + (1/nt) is the number of kg-mole of the fuel (combustible)

mixture per I kg of fuel (propellant).

The remaining indicators are the same as in Formula (1). In this

-II

S equation P i s also the basic indicator which is a function of combus- ..

tion.
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SFig. / 3.Effect2o compression ratio

Fo anen ine wihn sparkignitiueonsuthecnition fofraiu

"ecnom fomlaevarious cabueor aiselttnines reai vald.e.

•:,:. ting ---- 200rm;x- - -- 50

i g/sp.hr; 2) duecn compression r a-

",-•t 16 easnto chinve sphe fiuti con utmp ionda sor
ginemy frmuakgthed arliou care tor settings remaind byv loying re. g

anglhe ignition lag ashe fuelcwion of the composiition ofth mixusttae.

pl he sitation t Powerw et ding; B) ieconm stase the secon

rx'

rp;o)npeifitulionontin

is ~ ~~ /h~r 2)e compression ratio. ncneprrenisfoacmrsin

•For an engine with spark ignition the oaxmue

It i1 easy to achieve the first condition in a spark-ignition en-
•!iI girie by making the appr'opriate igjnitiLon settings and b:y employing regu-

.1
.I lators that automatically establish the optimum value for the crank-

., angle ignition lag as a function of the composition of the mixture.

I•I The situation is somewhat different in the case of the second

'"'I condition.

L . ~. :S the compression ratio. In contemporary engines, for a compression

:::l kg/cm 'odg. As we can see, in an engine with spar'k igniztion the va1lue
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of the pressure-increase rate is many times smaller than in the case

of diesel engines. An increase in the compression ratio makes it pos-

sible substantially to increase Pi and correspondingly it makes it4

possible to increase the economy of the engine (Fig. 43). However, the

possibility of using this method to increase the economy of a spark-

ignition engine is restricted by the quality of the fuel. It turns out

that with an increase in the compression ratio above a certain speci-

ifed limit, constant for each grade of fuel, "knocking" will appear in

the engine, power will be reduced, the engine will overheat, and black

smoke will appear in the spent gases. It was quickly established that

the factor responsible for the origination of "knocking" is the ex-

tremely rapid propagation of the flame in the last part of the charge.

The rate of flame propagation in the case of intensive knocking cor-

responds to a detonation or explosion wave (-, 2000 m/sec).

Detonation Propagation of Flame

In 1881, a number of investigators, studying the propagation of a

flame in gaseous mixtures contained in cylindrical tubes (Mallard,

Le Chatelier [16], Berthelot, Vieille [17]) observed an interesting

phenomenon.

The first instant after the ignition of the mixture, the flame

slowly propagates through the tube and then the rate of this propaga-.

tion increases to extremely high values which subsequently do not

chanse. The maximum rate at which the flame is propagated was constant

a for each gas mixture and attained 1500-3500 m/sec. This phenomenon of

* . flame propagation at such a fast speed was designated as "detonation"

or "detonation propagation" of a flame. Subsequent research made it

2 possible to establish a number of specific features of this phenomenon.

For example, detonation propagation of a flame was observed only in

mixtures characterized by a high normal rate of flame propagatlo. -. h-
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"TABLE 19

Concentration Limits for Propagation of Detona-
tion at Initial Pressure of 1 atm and Room Tern-

*""perature [20]

a. ojepxma.no ropioero 5•Kopoc¶16 AnTOltaiwit.,
""• • 1 CM Qab . ..... . .. .... .,, -

iiititstitt WA 'aep1HUON Ila Dswi ou rnupmu
npOAe i rpeWoX UpeoleiO npoACe

-- O14..........57 3550
I,-- AYX.18......... .. 2 58,9 O0 2100

io-Og (cyxa) ....... 83.---
(:0-01 nas) .... .m 380 - 1473(CO+..)-o. ...... 012 90 Ism 2.0"
0+1s -. 03. ..A.. 19 M7 1488 160012 >:=--noap .... *' """ -,65 U1,5 1675, 1801

1. .Ll ..--O . ..... 3,5-U 02-93 1607 2423
3' .4.2 50 509 1871

C If 0 ,2 37 1587 2210
2. j 31*9,3 1505 2188

14 1)O 4p-O, ..... 2.? 40 1593 2323

1) Mixture; 2) content of fuel (combustible) in
"oxidizer, %; 3) lower limit; 4) upper limit; 5)
rate of detonation, m/sec; 6) at lower limit;

* .. 7) at upper limit; 8) H2 air; 9) CO - 02 (dry);
.".0) CO- 02 (moist); ii) (CO + H2 )- air; 12)
C2 H4 - air; 13) C2 H - air; 14) (02 H5) 0 (sio]
ether - 02.

rate of detonation changed with a change in the composition of the mix-

ture. Limit values for the composition of the mixture were noted, and

"above or below these limits the mixture did not detonate (Table 19).

Here the concentration limits of detonation or the "detonation bound-

2j aries" were narrower than the ignition boundaries. The rate of detona-
"* ttion went virtually unchanged with a change in the tube diameter (if

it is greater than some small value), nor did it change as a result of

a change in the curvature of the tubes, the initial pressure, the tern-

perature of the mixture, or the conditions prevailing behind the front.

The very first investigators of the phenomenon of detonation

offered a valid explanation for it [16, 18].

The detonation wave was regarded as a shock wave in which a rather

high temperature develops, leading to the autoignition of the adjacent
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mixture layers. Proceeding from this concept of the nature of detona-

tion, the investigators developed the fundamentals of the theory of

detonation, referred to as hydrodynamics [16, 19, 20].

Using this theory, the investigators calculated the detonation

rates for gas mixtures in tubes and found that these agreed well with

the experimentally determined values. The agreement of the theoreti-

cally calculated and experimental values for the detonation rate

confirms the validity of the concepts on which the hydrodynamic theory

of detonation is founded.

The hydrodynamic theory of detonation presupposes the following

mechanism for the formation of a powerful shock wave in the propaga-

tion of a flame in tubes. The combustion of a gas is accompanied by

the expansion of the products of combustion which act on the flame

front, accelerating its propagation. With each small acceleration of

the motion of the flame, a weak compression wave moves away from the

flame front. In this case, each subsequent compression wave moves at a

velocity greater than the velocity of the preceding wave, and this

"* is due to the heating of the medium by the preceding wave; Therefore

the second wave overtakes the first wave. As a result, at some dis-

tance from the point of ignition the waves merge into a powerful shock

* ,wave resulting in the detonation of the mixture. The distance L from

the point of mixture ignition in the tube to the point of detonation

can serve as a measure for the evaluation of the tendency of various

gas mixtures to detonate. Tables 20 and 21 present data on changes in

-L as a function of the chemical composition of the mixture, the initial

pressure,, and the temperature of the mixture.

From Tables 20 and 21 we can see that the parameter L is more son-

sitive to changes in the initial conditions in the detonating mixture

as well as to changes in the chemical composition of the detonating
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TABLE 20

Effect of Pressure on Distance from Point
"of Ignition to Point of Detonation in Var-
"ious Mixtures (213 ......

2Hs+O, .... .78 52
eCH,+,O, . . . .. . . . 134 78 51"Cq$+3.5 O .102 58 46"C.H,4+9,5o........ 105 4O 32 27

, 4H1+7,6 0. .......- 5, 47

I) Mixture; 2) distance inmcm, at pressures
in mm Hg.

TABLE 21

Effect of Initial Temperature on Distance
from Point of Ignition to Point of Detona-
"tion [22]

I Ceb eTeMuOPATYP4

2H8+O* Is 60

,,290--3,0 g e•o•A,•' mu

040-320 B verpOovoA Tp)y1s gApTa~um

3 n a meter-long tube there is no deton-

• .. ation.

::i,..mixture than is the rate of detonation. With an increase in the temper-

201 to

ature~~ ofte Mixture nrea-es intand wthmanrincreae inpesue

diminishes. The parameter L increases with an increase in the diameter

• ' of the tube and diminishes with an increase in the degree of tube-.all

roughess.

Flame acceleration in the predetonation can be brought about not

only through the influence of the "ejecting" effect of the expanding
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products of combustion on the flame front. For example, K.I. Shchelkin

ascribes the dominant role here to the "turbulization" of the flame

front, as a result of which there is a pronounced increase in the rate

of flame propagation, which in turn increases the degree of turbulence

E23].

In addition to the phenomenon of detonation flame propagation ex-

amined above, we encounter special cases of detonation. For example,

in hard-to-detonate mixtures or in mixtures close in terms of composi-

tion to the limit, we encounter the phenomenon of detonation spin [24,

25]. The phenomenon of vibration combustion, generally preceding deton-

ation, can be assigned to the case of a weakly expressed detonation.

The above.-described phenomenon of detonation is observed in the

propagation of a flame through uniform gas mixtures in long smooth

tubes and characterized by a high normal rate of flame propagation.

" IDetonation Combustion in a Spark-Ignition Engine

• . The investigations that have been carried out in order to clarify

- .. ~ the factors responsible for the origination of detonation combustion

in spark-ignition engines resulted in the establishment of a definite

link between the chemical structure of the fuel molecules and the ap-

"* pearance of "knocking." The operation of an engine with a variable com-

pression ratio on n-paraffinic (n-heptane) and Isoparaffinic (isoootane)

hydrocarbons, detonation combustion takes place in the first case at a

•i.'i low oompression ratio., and in the second case at a substantially higher
* compression ratio. It was found that the addition of a small quantity

of certain substances (antiknock additives) prevents the occurrence of

N.";knooklin," 'and the addition of other substances (peroxides) enhances

the occurrence of "knocking." The use of photographit recording methods

showed that 'Inocking" occurs as a result of autoignition and the in-
t.eous detonation combusto of the last part of the fuel clm-ge',. start tanou detnaio cobsin ftel atptofheul hrg
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entering the combustion chamber. These investigation results led

"to the conclusion that the factors responsible for the appearance of

detonation combustion in spark-ignition engines should be sought in the

"features of the preflame chemical reactions taking place in the last

part of the fuel-air-mixture eharge.

The first detonation theories proceeded from the known experimen-

tal fact that the addition of a peroxide reduces the magnitude of the

compression ratio at which "knocking" takes place, and these theories

associated the occurrence of detonation (knocking) with the explosive

decomposition of the peroxides formed in the oxidation of the fuel in

the combustion chamber of the engine. Subsequently, with the develop-

ment of the theory of chain reactions and investigations of oxidation

and ignition of hydrocarbon-air mixtures, the peroxide theory of deton-

ation underwent further development. The works of A.S. Sokolik, M.B.

Neyman, and other investigators demonstrated that the occurrence of de-

tonation in a spark-ignition engine is associated with the multistage

aspects of the ignition of hydrocarbon-air mixtures (26-28].

The most logically evolved theory of detonation was proposed by

A.S. Sokolik [29]. According to this theory, a detonation wave comes

into being in an engine as a result of the formation of a high concen-

tration of active particles - radicals and atoms - in the volume of the

mixture which burns during the last stage (the last portion of the

charge), and this results in the Listantwweous autoignltion of this

volume of the taixture.
The autoignition of the last portion of the fuel-air -mixture char-

ge takes place in three stages, in accordance with the change in the

temperature of the mixture. The first stage begins at the instant of

mixture ignition by means of a spark and concludes with the appearance

of the primary cold flame Ln the unconsumed portion of the mixture.
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The formation of the cold flame in this stage is associated with the
explosive docomposition of the accumulated peroxides in the mixture.

"As a result of the propagation of the cold flame, 5-10% of" the mixture :..-,
reacts and forms a large quantity of highly active compounds - perox-

ides, aldehydes, and radicals. After a certain interval of time subse-

quent to the appearance of the primary cold flame in'the mixture, a

secondary cold flame appears (the second stage). As a result of the

"propagation of the secondary cold flame -50% of the unconsumed mix-

ture reacts. The temperature of the mixture rises. The concentration

of CO and of active particles increases in the mixture, and this ..re-

"sults in the appearance of a hot flame and the instantaneous combus-

tion of the CO and the unconsumed volume of the mixture, which is equi-

valent to the :.:rmation of a detonation wave (third stage).

"From the standpoint of the concepts that we discussed above with

erespect to the features encountered in the course of the preflame re-

actions in hydrocarbon-air mixtures, there exists the possibility of

providing yet another explanation of the factors responsible for the

j°" occurrence of detonation combustion in spark-ignition engines. *

The fuel-air mixture entering the spark-ignition engine cylinder

is compressed during the compression stroke. At the end of this corn-

pression stroke the temperature and pressure of the mixture increase.

r After iiition of the mixture by means of a spark and the consumption

of a part of the mixture, the uwiconaumed pa•t of the mixture is sub-

Jeeted to further comp ession and a rise -i temperature. Iepending on

the temperature and pressuve twithLn this portion of the mixture, pre.

flame reaotions take place and these correspond to the reactiorm or

the low-temperature and transition auto1iition zornes.

As was mentioned earlier, the preflame reactions taking pleeo

under the conditions prevailing in the transitioon autoignition zone
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are self-oscillatory and are accompanied by the periodic liberation of

- heat as a result of which compression waves arise

Under cerltain conditions compression waves can accelerate them-
selves and form a detonation wave.

The speed of compression-wave propagation is associated with the

rate of the exothermic reactions taking place within the wave, At a

certain critical value of the chemical-reaction rate (Wk) the compres-

sion waves begin to propagate with an acceleration which results in

the progressive increase in the quantity of heat liberated within the

wave. This increase _in the heat libeiated within the wave continues

until autoignition af the fuel-alr mixture in the wave t~ke,, place,

after which the formed detonation wave is propagated at a oonstant

speed.

The reaction time for the fuel-air mixture in the wave is an ex-

tremely small quantity. Given this limited reaction time, the rate of

the reaction is a function of the rate of mutual diffusion between the

"reactinZ molecules.

A necessary condition for the exothermic chain reaction of fuel-

molecule oxidation to take place is the reaction of the interac.tion

between the hydrocarbon radicals with the oxygen molecule, and thls

results in the formation of the peroxide radical R06. We can expect

that the probability of collisions between hydrocarbon radicals and
oxygen molecules In the wave wi. be at a minimum and that it will de-

termlne the total rate of the reaction.

The rate (W) of the reaction R' + 02 - iROO can be calculated in ac-

cordance with the following equation:-

W -- sztp l-EIfr) till,101.

where (&* and (02] are, respectively, tVne concentration of the hydra-
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carbon radicals and oxygen molecules; R is the gas constant; Z is the

number of double collisions; S is the spatial (steric) factor which

determines the probability of bimolecular collisions, as a result of

which the reaction takes place; E is the energy of activation for the

reaction under consideration - a magnitude not exceeding several kcal/

mole.

With such small values for the energy or activation and given the

high temperature of the mixture in the wave (T) the value of the term

exp (-E/RT) is close to unity and the rate of the reaction will be a

,function primarily of the magnitude of the steric factor S and the con-.

centratLons participating in the reaction of these substances.

Consequently, the total rate of the exothermic reaction in the

wave will attain a critical value of which will result in the self-

"acceleration of the compression waves at a fully determined value of

* the steric factor and the concentration of = nd 02

There are two conditions which when satisfied within a spark-igni-

tlon engine will result in the appearance of detonation combustion. Mhe

first condition is the one which states that preflame reactions corres-

ponding to the reactions of the transition autoignition zone must take

place in the fuel-air mixture; the second condition atipulates that the

total rate of the exothermic preflame reactions =at exceed a certain

critical value.

The first and the second condition can begin to be satisfied only
-it the teiiperatu�e and pressur'e of the mixture attain definite limit •

The limit values for the temperature and pressure of the fuel-air mLx.

"ture (in order to satisfy the fi~rt condition) a7e governed by the

boundaries of the transition autoignition -one and in order to satisf ""

'. the second condition the aforementioned limit values are governed by-

the corresponding values of the steric factor and the concentratlon.-i

.- 168 -

" o" * •'i *', -"-D1•*-~ ~~~ *•" . -. C-" - - " - * s•÷• • -% " % % • -" ' -* 4 4 • * . p -"*" . "-



of hydrocarbon radicals and oxygen.

Depending on the compression ratio of a spark-ignition engine,.

the state of the fuel-air mixture is characterized by definite ter-

perature and pressure values. With a higher .dompression ratio

and, consequently, with an increase in the temperature and pressure

of the mixture at the end of the compression stroke, the temperature

and the pressure of the last part of the charge are correspondingly

increased. So long as the compression ratio of the engine is sufficient-

ly low, the preflame processes taking place in the unconsumed part of

the mixture take place under conditions that correspond to the condi-

tions prevailing in the low-temperature autoignition zone. in this

6! case, there is either no autoignif n or the entire mixture charge

burns up as a result of the propagation of the flame from the i&nition

spark or a small quantity of the mixture in th( )Iast part of the charge

burns as a result of autoignition, but in this case there is no forma-

tion of compressions waves.

A subsequent rise in the compression ratio of the engine may re-

sult in the autoignition of the last part of the mixture charge under

conditions corresponding to the conditions prevailing in the transition

zone and it may also result in the appearance of weak compression waves.

And, finally, at a certain critical value of the compression ratio, the

pressure and temperature of the last part of the charge attain values

at which the second condition for the occurrence of detonation basins

to prevail. The autoignition of the last part of the charge is accom-

panied with the self-acceleration of the compression waves and the ap-

pearance of detonat.on waves.

The above-discussed concept as to the factors responsible for the

occurrence of detonation (knocking) in spark-ignition engines makes it

possible to explain certain ehperimental facts which had not as yet
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been satisfactorily explained.

The existence of a relationship between the temperature coeff

cient of the ignition lag (determined under the conditions prevailing

* in the transition zone) and the detonation (knocking) properties of

--fuels becomes understandable.

There is an explanation of the factors responsible for the sup-

pression of detonation (knocking) in the case of intensification in

turbulent miring, as a result of which, on the one hand, there is an

increase in that portion of the mixture which burns as a result of

flame propagation and, on the other hand, there is a change in the

conditions under which the preflame reactions take place.

The differences in the antiknock property of n-paraffinic and

isoparaffinic hydrocarbons can be explained, as can the antiknock and

"predetonation" effect of such substances as tetraethyllead and or-

ganic peroxide.
•The n-paraffinic hydrocarbons at high temperatures oxidize more

,.- , easily and all other conditions being equal higher concentrations of

hydrocarbon radicals form in these than do in the isopaxaffins. At

the same time, because of fewer cpatial difficulties, the n-paraf-

"fins under comparable conditions are characterized by greater values

* " of the sterin factor than are the isoparaffins. These differences re-

sult in the fact that the second condition for the occurrence of de-

* . ° tonation is met in n-paraffinic hydrocarbons at a lower engine compres-

sior ratio.

The addition, to the fuel, or. organic peroxides determining the

degenerated branching of the ehains during the course of the preflame

reactions under the conditions prevailing in the low-temperature zone

sharply increases the concentration of radicals and aldehydes. Theiv-

." fore the introduction of peroxides into the fuel also satisfies the
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second condition for the appearance of detonation at a lower compres-

sion ratio. The addition, to the fuel, of tetraethyllead which inter-

acts with organic peroxide correspondingly makes it possible to in-

crease the compression ratio at which the second condition for the

appearance of detonation (knooking) is met.

In conclusion it should be pointed out that' if the nature of the

preflame reactions in a diesel engine has no effect on the economy of

the engine, then engine economy in the case of a spark-ignition engine,

as follows from what has been presented above, is to a great extent

determined by the conditions under which the preflame reactions take

place, and also by the nature of. these reactions.

FUEL COMBUSTION IN AIR-HEACTION ENGLNES (VRD)

VRD (air-reaction engines) 'an be divided into compressor and

compressorless on the basis of the method employed to supply air to

the combustion chamber.

The basic types of VRD (air-breathing engines) which have gained

"practical acceptance ar,: the turbocompressor VRD (TRD) and the direct-

flow [ramjet] (compressorless) VRD (PVRD). Diagrams of these types of

engLnes are presented in Figs. 44 and 45. More detailed data can be

found in Chapter 20.

In TRD (turbojet engines) the air passes through the diffuser into

the compressor where it is compressed. The pressure ratio in the com-

pressor may reach values of 4-8. From the compressor the air enters

the combustion chamber. By means of a special spray nozzle (injector)

fuel is also fed into the combustion chamber. The fuel-air mixture

formed as a result is ignited by means of an electric sparkplug. As a

result of the combustion of the fuel, the temperature .of the gas in

the combustion chamber rises. The gas volume in the combustion chamber

is greater than the volume of the air compressed by the compiesscr. The
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1 gas leaves the combustion chamber and passes through the turbine. A

portion of the gas energy is taken by the turbine and used to set the

compressor in motion. The excess kinematic energy of the products of - '

combustion produces the reaction thrust.

Fig. 44. Diagram-of--turbojet -engine..-A) ...............

Combustion chamber; D) diffuser; K) com-r
pressor; T) gas turbine; B) nozzle.

2 t-4

Fig. 45. Diagram of super'sonic
ramjet VRD. 1) Diffuser; 2) Com-
bustion chamber; 3) nozzle; 4)
flameholder; 5) spray nozzle
(injector).

The combustion process in TRD (turbojet engines) has two features.

The first feature involves the necessity of burning an extremely lean

mixture (a 4 l.0), and this makes it possible to provide for a gas tem-

perature of 900-950o at the outlet from the combustion chamber, with

this temperature adequate to assure reliable turbine operation. The

second feature involves the fact that it is possible to achieve stable

combustion in a stream of air moving at a velocity of 40-60 m/sec. In

connection with these features, it became necessary to develop special

combustion chambers for TRD (turbojet engines). Fig ire 46 shows a dia-

gram of such a combustion chamber.

A combustion chamber is divided into two zones - a circulation

zone and a zone of complete combustion. The extent of the circulatior,

-172-

S••• "- ' • " " - ' -'° ' '" ~ * ,* . '*'*'• ° . ,"•.".. . " . ' : .. :•...-..,- ' . *,% - . • ,



Fig. 46. Combustion chamber of
TRD (turbojet en ine) with blade
swirl chamber, 1) Flame tube; 2)
outer chamber; 31 fuel-nozzle
ferrule.

zone is approximately equal to the diameter of the chamber. At the

forward end of the circulation zone there is a front unit (the fuel-

nozzle ferrule). The purpose of this fuel-nozzle ferrule is to sta-

bilize (anchor) the flame. The fuel-nozzle ferrule is most frequently

made in the form of a blade swirl chamber.

The air entering the combustion chamber is divided into two streams

a primary and a secondary stream. The primary stream, making up 20-

25% of the total quantity of air, enters through the front unit (the

fuel-nozzle ferrule) into the circulation zone, As a result, the fuel

is consiuned in the circulation zone at an excess air ratio close to the

"stoichiometric. Approximately 50% of the fuel-air mixture is consumed

in this zone. The unconsumed part of the fuel burns 'up in the complete-

combustion zone into which the secondary air (75-80%) passes through

openings in the flame tube. The secondary stream of air, mixing with

"the products of combustion, reduces the gas temperature to the levels

required to provide for reliable t, rbine operation (900-950° at the

outlet from the combustion chamber). Moreover, the secondary air cools

the walls of the chamber's flame tube.

The above-described design of the combustion chamber makes it
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Spossible to provide for stable fuel combustion at high air velocities

and a high excess air ratio a exceeding 4.O.

A ramjet VRD consists of an inlet diffuser, a fuel manifold with "

spray nozzles (injectors), a combustion chamber with an ignition device

and a flameholder, and an outlet (exhaust) nozzle. PVRD (ramjet en-

gines) do not produce static thrust. To start a PVRD (ramjet engine) a

• definite velocity must be imparted to it, and this is accomplished by

means of a rocket booster. The approaching air stream is decelerated

"in the diffuser of the engine, and this increases the static pressure

and raises the temperature of the compressed air. The fuel is injected
"into the stream of air through the injectors of the fuel manifold and

this is generally done into the approaching stream. Unlike TRD (turbo-
jet engines) PVRD (ramjet engines) have a zone of mixture formation

"that is contained between the manifold and the flameholder. The fuel-

air mixture is prepared in this zone. Beyond the flameholder the fuel-

air mixture is ignited and consumed. The velocity of the outflowing

gases exceeds the velocity of the approaching air stream. The increment

".." in momentum obtained in this case results in the reaction thrust of the

engine.

PVRD (ramjet engines) are most expediently employed at a flight

velocity substantially in excess of the speed of sound (M = 3-4). At

these flight velocities, the velocity of the stream of the fuel-air

mixture through the combustion chamber of a PVRD attains 100-120 m/sec.

The stable combustion of the fuel-air mixture under these conditions

encounters considerable difficulties,

Flame Stabilization and the Limits of Stable Fuel Combustion in VRD
T(Air-Reaction Engines)

The high flow velocities of the fuel-air mixture through the com-

bustion chamber of a VRD can cause the separation of the flame thusz"
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a b

Fig. 47. Diagram of flame-front
stabilization (anchoring) at great
fuel-air-mixture flow velocities.
SWith a poorly streamlined body;
b with a blade swirl chamber.

* "extinguishing" the engine. To prevent the separation of the flame or

"to stabilize (anchor) the flame, special devices referred to as flame-

holders can be installed within the combustion chamber.

A condition required for the stabilization of a flame in a VRD

is theequal.ity between the velocity of flame propagation and the velo-

city of the motion of the stream through the combustion chamber.

In VRD (air-reaction engines), as well as in other types of con-

-. tinuous-combu:3tion engines, some portion of the fuel is consumed as a

result of autoignition. As a result of the flow turbulence in these en-

gines, individual volumes of the cold fuel-air mixture entering the

flame are surrounded by gases heated to a temperature greater than

autoignition temperature of the mixture. These volumes of mixture are

burned up, on the one hand, as a result of the propagation of the flame

over their surfaces, and on the other hand, as a result of autoignition

after the heating of the mixture to a sufficiently high temperature.

There seems to bc some competition between the processes of flame pro-

pagation and the autoigniton of the mixture. The greater the portion

of fuel consumed as a result of the autoignition of the mixture, the

"higher the rate of mixture combustion within the engine.

It is clear that in order to increase the rate of fuel combustion
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to limits which provide for stabili-

zation of the flame, the portion of

fuel that is consumed as a result of •.I

autoignition must be increased. Flame

stabilization can be achieved by pro-

viding for hydrodynamic conditions

to "within the engine under which the

, " 1 13flame would receive a large quantity

"of individual large volumes of the

fuel-air mixture. Such conditions can

6-.0 be provided by the positioning of

Fig. 48. Effect of chemical
composition of fuel on limits poorly streamlined bodies in the way
of stable combustion under
conditions simulatin PVMD. of the fuel-air mixture stream (Fig.
Combustion limits: Aroma-
tic hydrocarbons; 2) naphthe- 47). The eddies formed in back of the
nic hydrocarbons; 3) n-paraf-
finic and olefinic hydro- poorly streamlined bodies enhance the
carbons, introduction of these individual Vo-

lumes of the fuel-air mixture into the zone of high-temperature gases

"and promote intensive heat transfer within these volumes. Autoignition
U of the mixture volumes is a consequence of the foregoing, and this

phenomenon takes place with great rapidity. A similar effect can be

achieved by means of other flameholder designs; for exawple, use can

be made of front units (fuel-nozzle ferrule*) with blade swirl chambers,

as used in TRD chambers,

Confirmation of the above-discussed concept with respect to the

"mechanism of flame stabilization by means of poorly streamlined bodies

and other stabilizing (anchoring) devices is the pronounced relation-

"ship ' tween the limits of stable combustion in VRD (air-reaction en-

gines) (stabilization limits) and the chemical composition of the fuel. --

A similar pronounced effect, exerted by the chemical composition of
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fuel on the combustion process, is observed only in the case of fuel

autoignition.

4 "Figure 48 shows the investigational results that we obtained in

studying the effect of the chemical composition of the fuel on the

limits of stable combustion under conditions simulating those prevail-

xing in ramjet VRD.

It follows from these data that at low fuel temperatures, the max-

imum limits of stable combustion are characteristic of the paraffinic

hydrocarbons and the lowest limits are characteristic of the aromatic

hydrocarbons. With an increase in the fuel temperature, the stabiliza-

tion limits for aromatic hydrocarbons increase, whereas in the case of

paraffinic and naphthenic hydrocarbons they diminish 'or remain constant.

The limits of stable combustion are a characteristic of the fuel's abi-

"lity to stabilize the flame. The wider the limits of stable combustion,

the better the .conditions for flame stabilization, the more reliable

the operation of the engine in various regimes.

The data that we obtained indicate the great role played by fuel

autoignition in the combustion process in VRD (air-reaction engines).

"Fuel autoignition not only determines combustion stability in the cir-

culation zone, but it apparently also has an effect on the processes

of complete fuel combustion. However, the role of autoignition in the

complete-combustion zone during the combustion process is substantially

* 'less significant than it is in the circulation zone. This is associated

with the reduced fresh-mixture concentration and reduced fresh-mixture

turbulence intensity throughout the length of the co.mbustion chamber.

2 .Since fuel autoignition precedes the preflame oxidation which

affects the velocity and nature of flame p,,opagation in the case of

autoignition, the conditions for the preflame preparation of the fuel

N * in a VRD (air-reaction engine) also exert influence on the stabili-
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zation of the flame.

In TRD (turbojet engines), the fuel is atomized and directed into

the circulation zone. The preflame processes take place under condi- *ic:.

tions of moderate pressure and high temperatures close to the combus-

tion temperature. Under these conditions, the basic preflame reactions

take place in the vapor phase according to a mechanism which corres-

ponds to the high-temperature stage of autoignition. Large drops of

"atomized fuel can also be oxidized in the liquid phase.

We can arrive at a conclusion as to the effect exerted by the con-.

ditions of preflame preparation of fuel on the limits of stable TRD

(turbojet engine) operation on the basis of the results obtained in

tests carried out on vaporization chambers in which the fuel is vapor-

"ized in special coils and enters the combustion chamber in vapor form.

"We know that vaporization chambers are characterized by substantially

more narrow limits of stable combustion than chambers operatinS on

. atomized fuel. The reduction in the range of stable TRD (turbojet en-

gine) operation in this case is a consequence, on the one hand, of the

"* Impairment of the conditions under which the preflame reactions take

place as a result of the elimination of the liquid-phase fuel oxidation

and, on the other hand, a result of the impairment of the eonditions

that are favorable for the formation of individual volumes of fuel

which are consumed as a result of autoignition. It is of interest to

point out that the limits of itable combustion expand in these same

vaporization chambers during the preliminary vaporization of the fuel

drops in an air atmosphere under conditions providing; for the liquid-

phase oxidation reactions.

In PVRD (ramjet engines), the fuel is atomized and directed into

air heated by deceleration in the diffuser to a temperature whose m:a,.'- !-:

nitude is determined by the flight velocity. Under these condotion.
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comparatively 1uten~ie f .rop oxidation is possible to the point at

which the drops vaporize, and this in turn exerts an effect on auto-

ignition of the fuel beyond the flameholder. The fuel film formed on

surface of the flameholder as a result of the fuel drops striking the

flameholder is subject to extremely intinse liquid-phase oxidation in

PVRD (ramjet engLines). Fuel that has undergone preliminary oxidation

ignites at a lower temperature. In this case, to heat an individual

volume of the mixture In the circulation zone to the autoignition tam-

perature requires less time. Consequently, a smaller volume will be

consumed as a result of the propagation of the flame on the surface,

and a greater volume will be consumed as a result of autoignition. A

consequence of the above-described feature in the course of the pre-

flame reactions in PVRD (ramjet engines) is, in particular, the great-

er sensitivity of an engine of this type to the quality of fuel, than

is the case with TRD (turbojet engines).
°,• ~Vibration, Puel_ Combustion in VRD (Air-Reaction Engines)"

Under certain conditions of fuel combustion in VRD (air-reaction

engines) the so-called vibration or pulsation (rigid) combustion takes

place, this form of combustion characterized by the presence of period-

ic pressuro pulsations (fluctuations) within the combustion chamber.

Vibration combustion impairs engine economy and may result in the dis-

ruption of the functioning of the control equipment, as well as the'

buckling of the combustion chamber. As a result of vibration combustion

the flame may oecome detached and the engine may be "extinguished." In

the case of great pressure-oscillation amplitudes, mechanical damage

msa occur within the combustion chamber of the engine.

Vibration combustion occurs in VRD (air-reaction engines) before

"flame separation as the fuel-air mixtures are enriched or leaned, ir.

the case of a substantial drop in the temperature of the fuel and air
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entering the engine, and in the case of utilization of fuels exhibiting

a high ignition lag.

The factors responsible for the occurrence of vibration combustion <..

have not been adequately studied to the present time. In te.-ms of its

nature, vibration combustion is sixidlar to predetonation combustion in

"a spark-ignition engine. This formal similarity In processes, as well

as the above noted influence that the quality of the fuel has on the

. occurrence of vibration combustion, makes it possible to put forth the

hypothesis which states that the factors responsible for the occurrence

* of detonation combustion in a spark-ignition engine are similar to

those responsible for the occurrence of vibration combustion in VRD

(air-reaction egines).

In both the first and the second type of engine, a portion of the

fuel is consumed as a result of autcignition. In this case, because of

the low pressure in the combustion chamber and because of the low tem-

perature of the incoming fuel, the preflame reactions In the mixture

volumes which are consumed as a result of autoignition take place under

*.- conditions corresponding to rhe low-temperature and transition auto-
' ignition zones. When the preflame reactions take place primarily in the

transition zone, self-oscillatory chemical processes take place, and

these result Li the appearance of vibration comrbustion.

Consequently, in VRD (air-reaction enaLnes), as well as in a spark-

ignition engine, the preflame reactions takingd place in the transition

zone restrict the portlon of fuel consumed as a result of autoignition,

and an increase in this portion over a definite limit w1l result I.n

the disruption of the normal combustion process.

Condition for the Most Economical Fuel Comibustion in NRD 'Air-Reaction

, .- A characteristic of VRD (air-reaction engine) economy Is the ...
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fi., ;tcJ. oornu:pori.on or the specific

6:-0 ~thrust of the engine. The specific fuel

i •? consumption Gu- the hourly fuel flow70 ud
,.* rate per 1 kg of thrust developed by the

engine is equal to

Gud = (Gt/R) 3600 kg per

I_" 1Z___ kg of thrust, per hour.
1. 8 21B 14 27 39 36 ,

B e-VON-M.;I•/er" The thrust R developed by the engine

Fig. 49. Effect of fuel with a fuel flow rate Gt is a function of
quality on coefficient of
complete combustion in a number of parameters. The parameter
combustion chamber of TRD
(turbojet engine). 1) n- which characterizes the efficiency of the
"Heptanc; 2) isooctane; 3)
n-hexane; 4) 2, 3-dimetkyl- combustion proceas is the coefficient of
butane; A) Completeness of
combustion, %; B) speed, fuel-combustion completeness g which is

nm/Sec. s.
determlnA-d by the ratio of the increment

in heat content (enthalpy) of the products of combustion to the heat of

combustion of the fuel entering the combustion chamber.

It wa.s polnted out above that "he efficiency of the c,-mbustlon pro-

cess in VRD (alr-reaction engines' is to a great extent determined by

the relationship between the portion of the fuel cousumued as a result

of autoignitlon and that portion of the fuel which is consumed as a re-

sult of the propagation of the flame along the surface of the mixture.

The greater the quantity of fuel consumed as a recult of autoigntlion,

the more effective (officient) the combustion. 1hat portion of the fuel

consumed as a result of autoignitlon is determined priuarily by the

structural features of the cha'iber, the manner in which the preflan-c

preparation of the fuel-air mixture is caivied out, the degree of

stream turbulence behind the stabilizer (f lameholder), etc. It is cler"

therefore that in an efficiently designed combustion chamber, high va-
lues for the coefficient of conbustion completeness can usually be
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TABU 22
Fuel Characteristics

2TO 3 itopoaat'a -
pTupa CSOPOCTb PumpO ly..PA mc-

On naaemou, ] , c

2'3. N z-renTon . . . . . . 98,4 no,6 247
I3looXTnA . . . . . .. 99.3 34.6 447

. ... .. . 69,0 38,5 261
2,3-A em an58.0 36,3 421

1) Fuel; 2) boiling point, °C; 3) normal
speed of flame propagation, cm/sec; 4)
"i"nitior, temperature, C; 5) n-heptane;
6; isooctane; V n-hexane; 8) 2, 3-
dimethylbL- 'e.

attained.

Unlike the combustion of fuels in contemporary spark-ignition en-

gines, in VRD (air-reaction engines) structur&l measures can be employ-

ed in order to achieve high-economy combustion on any fuel quality. How-

ever, this circumstance does not indicate any lack of influence on the

part of fuel quality on the combustion process in VRD (air-reaction en-

gines). In an engine of this type, as well as in all cases in which a

substantial portion of the fuel is consumed as a result of autoignition,

the molecular structure of the fuel affects combustion. Evidently, a

fuel characterized by a shorter autoignition lag, all other conditions

being equal, and by a lower autoignition temperature, will burn up in

a VWYD (air,reaction engine) with a high coefficient of combustion oom-

pleteness. Confirmtion of this statement 13 given, for example, by the

* data presented in Fig. 49 and in Table 22 [31].

We can see from Table 22 and Fig. 49 that fuels that are virtually
I i tdec• l in terms of physlcal propertlea and the normal speed of ilaze

* propagation, but diffIering in ter=- of autoignition temperature, burn

up with various coefficients of combustiLn completeness. Vhe lower the

"autoignition temperature, the higher the coeiffcient of combustion -on-
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pleteness. The data presented above again indicate the significant role

played by autoignition in the fuel-combustion process in a VRD. ":ore- ii
over, it follows from these data that in those cases in which the

structural possibilities of high-economy fuel combustion in a VRD (air-

reaction engine) are fully utilized, an additional effect can be a-

chieved by using fuels exhibiting a small autoignition lag and low auto-

ignition temperature.'

FUEL COMBUSTION IN A LIQUID-FUEL ROCKET ENGINE (ZhRD)

Rocket engines, unlike VRD (air-reaction engines) use an oxidizer .

carried on board the flying craft for purposes of burning (causing the

combustion) of the fuel (combustible). A ZhRD (liquid-fuel rocket en--

*. gine) is a continuous-combustion engine in which the thrust is pro-

duced as a result of the reaction of a gas stream formed in the com-

"bustion of a mixture of liquid fuel- (combustible) with liquid oxidizer.

The idea for the development of a ZhRD belongs to K.E. Tsiolkovskiy.

In 1903, in the journal "Scientific Review" his work "The Investigation

of Outer Space by means of Reaction Devices" was published, and here

he outlined his theory of rocket flight and provided the scientific

basis for the possibility of using liquid rocket engines for flight in

interplanetary space.

Figure 50 shows a diagram of one of Tsiolkovskiy's liquid rocket

engines in which he uses liquid hydrocarbons and liquid oxygen as the

-fuel. In addition to the development of the basic ZhRD design, K.E.

0 Tsiolkovskiy resolved a number of structural problems. Many of his sug-

gestions have been incorporated in contemporary ZhRD (liquid rocket en-

gines). For example, the cooling of the combustion chamber by means of

the combustible, the installation of the rocket control surfaces (gas

* vanes) in the stream of the exhaust gases, etc.

The utilization of liquid oxygen or some other active oxidizer
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Fig. 50. Diagram of liquid rocket
engine, after K.E. Tsiolkovskiy.
1) Crew, breathing equipment; 2)
liquid freely evaporating oxygen
"at extremely low temperature; 3)
liquid hydrocarbon.

rather than the oxygen of the air as the oxidizer makes it possible

substantially to increase the heating value of the fuel, i.e., the

quantity of heat referred to 1 kg of the products of combustion. In

this case, the heat is not expended on the heating of ballast compon-

ents in the oxidizer, e.g., such as the nitrogen in the air. As a re-

sult, in a ZhMRD (liquid fuel rocket engine) the products of combustion

are heated to extremely high temperatures (3000-4000° K), and this

makes it possible to attain high exhaust velocities for the products

"of combustion and, consequently, greater power than is attainable with

any other types of engines. For example, the German V-2 rocket develop-

ed a power in excess of 600,000 hp.

The basic diagram of a contemporary ZhRD (liquid rocket engine)

is shown in Fig. 51. The liquid oxidizer and the liquid fuel (combus-

tible) is supplied to the injectors by means of pumps set into motion

by an auxiliary turbine, and the spray nozzles (injectors) are mounted

in the head of the engine. The spray nozzles (injectors) are position-

ed in the engine head so as to provide for the best mixing of the fuel

components. The fuels may be hypergolic when the combustible comes into

contact with the oxidizer, or the fuels may be nonhypergolic. The latter

are ignited by means of special devices. Most frequently they are igni-
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Fig. 51. Diagram of ZhRD (liquid fuel
rocket engine) with turbopump fuel-feed
system. 1)Combustion chamber; 2) reac-
tion nozzle;,3) fuel (combustible) cool-
ing jacket; 4) auxiliary-engine combus-
tion chamber; 5) auxiliary vapor-gas
turbine; 6, 7) pumps set into motion by
the auxiliary turbine and feeding the
ZhRD combustion chamber with fuel (com-
bustible) and oxidizer; 8) spray noz-
zles (injectors); 9) compressed-air
flask for supply of water to cool the
combustion chamber of the auxiliary tur-
bine. A) Oxidizer; B) fuel (combustible);
C) water.

ted by means of an ignition flame formed as a result of the utiliza-

tion of a hypergolic initiating fuel.

* Ignition may also be achieved by means of a special "pyrotechnic"

device. The latter may consist of one or more powder cartridges which

* are ignited by means of electricity. A powder cartridge of this type

burns for several seconds and will ignite the mixture.
I °After the ignition of the fuel in the combustion chamber, continu-

ous combustion of the incoming fuel is established. The kinetic energy

of the products of combustion is converted into engine thrust in the

nozzle assembly.
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"The structural design of an engine is determined by its designa-
tion. The diagram of the ZhRD with turbopump fuel feed considered in

Fig. 51 is used generally for engines intended for extensive operation.

For short-operation engines (booster engines, antiaircraft missiles)

"the small fuel-tank capacity makes it possible to use the gas-flask
method of fuel feed(Fig. 52).

1 3 6 7 8 3l

."2 4 9 #2 V0 t is

Fig. 52. Schematic diagram of ZhRD (liquid roc-
ket engine) with gas-flask (pressure tank) pres-
surized-propellant feed system (the Wasserfall
antiaircraft missile). 1) Piston set into motion
during combustion of powder charge; 2) burst dia-
phragm; 3) 24 v voltage; 4) start valve; 5) pres-"
"surizing-gas (nitrogen) container (flask) under apressure of 250 atm; 6) pressure regulator; 7)
"check valve; 8) two burst diaphragms set for a
pressure of 10 atm; 9) tuel (combustible) tank;
10) oxidizer tank; 11) flexible tubing with
weights at one end; 12) hinged connection of
intake connection tube; 13) two burst diaphragms
set for a pressure of 20 atm;. 14) calibrated jet
nozzles; 15) combustion chamber of engine (pres-.
sure in chamber, 19 atm).

The designation of the engine also determines the requirements im-

posed on the thrust developed by the engine and on the duration of en-.

gine operation, and this has an effect on the dimensions of the combus-

tion chamber, the capacity of the fuel (propellant) tank, and on the

selection of the fuel (propellant) components.

S Features of the Combustion Process in ZhRD (Liquid RocketEngines

Unlike other continuous-combustion engines, the fuel (propellant)

"combustion process in ZhrJD (lIquid rocket engines) takes place at ex-

tremely high temperatures (3000-40000 K) and pressures (up to 100 atm). .

Under these conditions, the chemical reactions of interaction betwec-
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the fuel (combustible) and the oxidi-

zer take place at an extremely fast

q' Crate. The time that the fuel (propel

lant) stays in the combustion chamber
.uu~u OUJUW W . (from the instant at which it enters

2 to the instant at which the products
.. 09,5 - ' . .............. .. ..... .. .

ell" 6 of combustion are formed) is calcula-

-. ted at 0.003-0.008 see. At the same

Fig. 53. Zones in which the
primary processes take place time, just as in a VRD (air-reactionwithin the combustion chamber
within the coibustio rochber eengine), the combustion process takes

of a ZhRD (liguid rocket en-
sgne) (331. A) Zone of fuelt
(propellant) atomization, B) place in an extremely turbulent stream
vaporization zone; C) mixing.
zonevanodizatone ofnhe)micalg, rof combustible and oxidizer vapors.•, ~zone and zone of chemical re- •

actions; rn-rn) section of
tractnstn of combusetion rom Near the engine head there are inten-'- ~transition of combustion from -
kinetic region to diffusion c..
region; G/G0 ) portion of fuel sive countercurrents of products of

(propellant) referred to per- combustion. All of this makes it pos-
second flow rate. 1) Atomiza-
tion; 2) vaporization; 3) sible to consider the combustion pro-
mixing; 4) chemical reaction;
5) physical incomplete combus- cess in a ZhRD (liquid rocket engine),,
tion-of fuel (propellant); 6)
temperature. as in the case of a VRD (air-reaction

"engine), as consisting of two simultaneous processes - the propagation

of the flame and the autoignition of the mixture volumes of combustible

and oxidizer vapors as these enter the high-temperature zone.

The combustion chamber of a ZhRD (liquid rocket engine) is conven-

tionally divided into several characteristic zones (Fig. 53). The first

zone is the propellant atomization zone and is situated in the immediate

vicinity of the engine head. The streams of combustible and oxidizer

coming out of the injeotors are atomized into drops primarily in this

zone. The following zone is the vaporization zone in which the propel-

lant components are mixed. This zone is characterized by intensive vw

porization processes involving the propellant drops and the mixing of
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"oxidizer and combustible vapors. It is in this zone that the intensive

- .. i liquid-phase combustible-drop oxidation processes take place with both

liquid and gaseous oxidizers, the latter generally being present in a

volume several times in excess of the quantity of combustible. At the

same time the combustible and oxidizer vapors begin to enter into the

reaction. Then follows the mixing zone and the zone of chemical re-

actions. This zone can be divided into two regions - the region of

kinetic combustion and the region of diffusion combustion. In the kine-

tic reaction region the propagation of the flame takes place at a re-

latively low velncity. A substantial portion of the entire propellant

consumed in this region burns up as a result of the autoignition of the

volumes of the gaseous combustible and oxidizer mixture, with these vo-

lumes flushed by the countercurrents of the products of combustion. Al-.

..-- though the rixture undergoes autoignition virtually instantaneously,

the entire autolgnition process, including the preflame preparation of

the mixture, takes place rather slowly. The periodic preflame reactions

similar to the reactions (considered above) taking place in the transi-

tion autoignition zone take place in this region. The rate of propellant

combustion in the kinetic region is limited not so much by the mixing

* -' processes but by the kinetics of the chemical reactions, and this deter-

mined the designation of this region.

The region of diffusion combustion Is characterized by high gas

"temperature. Here, the rate of the chemical -a ct.on Is substantially

in excess of the rate of mutual diffusion between the molecules of the

"combustible and those of the oxidizer, as well as the rate of component

mixing. In this region, the oombustion of the fuel takes place primarily

*'"4 as a result of the propagation of the flame in the unconsumed mixture.

Autoignition processes play an insignificant role in this region.

The examined subdivision of the combustion chamber of ZhRD (11j,.:-, %
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rocket engines) is conditional, since it is not possible to define

clear boundaries between zones in the engine. Nevertheless, this sub-

division is useful, since it makes it possible to conceptualize the

processes taking place within the combustion chamber of a ZhRD. (liquid

rocket engine).

Unstable Combustion in a ZhRD (Liquid Rocket Engine)

"Unstable or vibration combustion in ZhRD (liquid rocket engines)

(hard combustion) takes place in all types of ZhRD regardless of the

dimensions and configurations of the combustion chambers, and also in- .

"dependent of the propellant and feed systems used.

Unstable combustion appears in the form of periodic pressure fluc-

Stuations in the combustion chamber. When the amplitude' of the oscilla-

tion (fluctuation) is not great and there is no disruption of the nor-

mral operation and utilization of the engine, the combustion is condi-

tionally regarded to be stable.

A thoroughly refined theory of unstable combustion in ZhRD does

not yet exist. Experimenters have distinguished two types of pressure

oscillations which can occur in the combustion chamber of a ZhRD -

.. high-frequency (above 10O cps) and low-frequency (below 300 cps). We

K know of the following concepts which serve to explain the physical

•I mechanism responsible for the appearance of oscillations (fluctuations)

within a ZhRD chamber.

jI Low-frequency instability is a result of the interaction of the

osaillations within the combustion chamber with those oscillations

within the feed system of the engine. With a chrange in the pressureo

* within the combustion chamber, given constant pressure in the feed sys-

tem, there is a change in the fuel (propellant) - feedi regime. For ex-

-ample, wi_,h an Increase in pressure in the combustion chamber, the quan-"

"tity of luel fed to the engine is reauced. A reduction in the quantity K
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of fuel fed to the engine in turn reduces the pressure within the corn-

bustion chamber. The combustion of the incoming f'uel (propellant) takes

place in the engine- but n-t--intantaneously; rather it takes place

over a certain interval of time that is a function of the time requir-
:i•.I -.i

ed to convert the fuel (propellant) into the products of combustion.

During this time, the pressure continues at its elevated level, and the

fuel (propellant) flow rate remains at its reduced level. Then the pro-

cess is repeated in reverse. Because of the reduced pressure in the

combustion chamber, the quantity of fuel (propellant) fed into the en-

gine is increased, and this increases the piessure within the combustion .

chamber. In this case, as a result of the fact that there now is time

for the conversion to take place, the elevated pressuir lasts longer

in the combustion chamber than is required for the equalization of the

pressure, and the oscillations are not damped. These oscdllations are

characterized by low frequencies as a result of the inertia of the masa

of liquid propellant subjected to these oscillations.

Experimental investigations of the phenomenon of low-frequency in-

stability confirm the physical mechanism of its origin as presented

;above. For example, low-frequency Instability is reduced by limiting

.*,•.on-rsion time, by increasing the pressure difference between the

tank and the chamber, by increasing the voltue of the combustion cham-

ber and the length of the fuel manifold, and by reducing the lateral

cross section of the fuel manifold or by increasing the mass rate

therein (33].

High-ftvquency instability of combustion in combustion chamtbers of

ZhRD is characterized by regular oscillations having a fvaequency rang,-

i-ng from 1000 to 12000 cpsý The amplitude of the oscillation varies with.-
in a range of tenths of a fr-action of an atmosphere to Z00% of the V.-

sure within the chamber. Longitudinal hih-frequency oscillaticns :"
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of various types have been experimentally observed, including oscilla-
tions of the shook and sinusiodal types [34]. Generally, in the case

of developed high-frequency instability, we note the appearance of

shock waves that are propagated along the combustion chamber. Evident-

ly, these high-frequency oscillations are assooiated with the features

encountered in the combustion process within ZhRD (liquid rocket en-

gine s).

At the present time there is no generally accepted standpoint for

the physicochemnical model of this phenomenon. Taking into consideration

the above-considered features encountered in the combustion process in

ZhRD, it becomes possible to explain this phenomenon in terms of the

concepts which we employed to explain detonation combustion in a spark-

ignition engine.

We pointed out above that in the kinetic region of the combustion

chamber of a ZhRD, a substantial portion of the fuel (propellant) is

burned as a result of the autoignition of the turbulent frerh-mixture

volumes.

Under conditions of high pressure within the combustion chamber

of a ZhRD, despite the rather high temperatures, high-reactic-n-capacity

molecules of the combustible aad oxidizer may Interact on the basis of

the mechanism for the transition stage of autoignition. In th~is case,

in the voluraes of the combustible and oxidizer mixture periodic re-
" actions take place and accordingly there is a periodic liberation of

-~ heat within the gas, resultiag in the occurrence of compression waves.

"In the kinetic region of the combustion chamber of ZhRD (liquid

rocket engine) it is possible to provide for the second condition which ..-.

result-z in the formation of undamped shock waves from -he compression

.aves that are produced: the quantity of matter reacting in each sub-

":° sequent instant of time can be greater than the preceding quantity.
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In fact, under conditions of relatively moderate temperatures within

the kinetic region, the liberation of heat in the wave results in the

"progressive heating up of the adjacent layers of the mixture and the

self-acceleration of the waves to values of the velocity W, at which

the liberation of heat in the wave in each subsequent instant becomes

equal to the quantity of heat liberated at the preceding instant of

time.

Evidently, high-frequency instability of combustion is a function

both of the thermodynamic and hydrodynamic conditions within the com-

bustion chamber of the ZhRD (liquid rocket engine). The hydrodyi'amic

conditions determine, in particular, the number and volume of the auto-

"ignition foci. An increase in the number and volume results in an in-

crease in the amplitude of the oscillation. The hydrodynamic conditions

in turn are functions of the geometry of the combustion chamber. This

can, apparently, be explained by the effect that the lengith of the com-

bustion chamber, as well as the shape and the length of the conver'dng

part of the nozzle [35-371, exert on the occurrence and intensity of

high-frequency instability. We should also anticipate a rise in high-

frequency instability with an increase in the pressure within the com-

. bustion chamber, since in this case the temperature range expands,

"I.e, the range within which the periodic preflame processes take place.

The increase in the intensity of the high-frequency instability

• * l of combustion that takes place as a result of an increaae in pressure

was established experimentally in References t3)-36]. Az can be seen,

this concept of the physicochemical conditions for the occurrence of

.unstable combustion makes it possible qualitatively to explain certc '..n

"" xperimental data. It should be pointed out that Yu.Kh. Shaulov and

4.O. Lorner [37) pointed both to the periodic processes In the chenl- .

"ca! Intnetics as well as to one of the possible factors responsible 16-ý
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the occurrence of unstable combustion in ZhRD (liquid rocket engines).

High-frequency instability of combustion in ZhRD, unlike low-

frequency combustion instability, is apparently not associated with the

feed system of the engine. At the same time, both disruptions of the

normal combustion process may be closely associated with one another.

For example, high-frequency instability may serve as the initial factor

responsible for the occurrence of low-frequency instability, and the

latter may serve to intensify high-frequency instability.

The Influence that the Combustion Process Exerts on ZhRD Economy

The magnitude of specific thrust for any continuous-combuition en-

gine is determined by the heating value of the fuel (propellant) em-

plojed, and here we must take into consideration the possible dissocia-

tion of the products of combustion and the coefficient of combustion

completeness. High-reaction-capacity propellant components used in ZhRD

are generally characterized by high values of the coefflclent of cambus-
tion completeness. A reduction in the coefficient of combustion, comple-

teness is observed when the normal combustion process is disrupted. FoX%

example, the appearance of low-frequency combustion instability results

:.n a reduction of specific engine thrust.

The intensity or unstable combustion in ZhRD (liquid rocket en-

Igines) is associated with the relationship between the quantity of fuel

consumed 4.s a result of autoi-. ItIon and the quantity of fuel that is

consumed as a result of the propagationO of the flame along the surface

of the gas mixtuxe. Unlike VRD (air-reaction engines) an Inciease in

this zelatLionship (r-atio) swaetiins results in a reduction of engine

* economy as a result of the appearance of unstable combustion with great

- cscillat.on amolitudes.
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Chapter7

HEAT OF COMBUSTION OF HYLDROCARBON FUELS

METHODS OF COMPUTING HEAT OF COMBUSTION

* In addition to the standard methods for determining heat of corn

bustion (see Chapter III), various empirical formulas are employad for

planning and design purposes; these can indicate the heat of combustion

of the fuel with a lower accuracy but by a simpler route than the bonab

determination.

The error of' a heat-of-combustion calculation made by the empiri-I cal formulas is + 2 to3.
Basic to the empirical worki.ng formulas proposed by various auth.-

ore are the following:

1) the elementary composition of' the fuel;

2) the quantity of air (oxygen) required to burn the fuel;

3)the heat of formation of the fuel;

* * 4)the phyziicocLhezicai characteristics of the fuel.

In the first case, we depart from the fact that the fuel's heat

of combustion is equivalent to the sum of the heats of combustion of

the Individual elements forming the fuel. Many formulas are based on

this.

The author of one of the first formulas, and one which has practi-

*cal importance at the present time., was the great Russian scientist D.I.-

ZMendeleyev.

However, comubustion of' a fuel. t-akes place in a more complex manner

than does combustion of the individual elements forming the fuel to the
S. *9 "..
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final conversion products.

In this case, we disregard the possibility of formation of various J
intermediate compounds with absorption or liberation of heat.

As an example, we present the formula [1]
,7 =847C.+ 28670 (H- + 2500 3 59.5W, (1)

whe., e Qn is the lower-limit heat of formation in kcal/kg, C is the

fractional content of carbon in the fuel, H is..the fractional content

of. hydrogen in the fuel, 0 is the fractional content of oxygen in the

2uel, S is the fractional content of sulphur in the fuel and W is the

fractional content of water in the fuel.

In the second case, the quantity of oxygen necessary for complete

combustion vf the elements composing the fuel is used as the basis for

the empirical formulas.

As an example, we r.:esent the formula [2]
Q1fs4i+W) C + 21735 (11 - +

.+•2500S - 585W. (2)
where a Is the fractional content of ash in the fuel and 585 is the

heat of combustion of wate- expressed in kcal/kg.

The remalning symbols have th4 same significance as for Formula

A aomewhat higher accuracy t. the calculations (+ 2%) is given by

the possibility of deriving the i-annula [3]

" 800C +o (3)

where N is the fractional content of nitrogen in the fuel.

The remalning symbols have the s.me significance as in Formula (1).

In writing Formulas (2) and (3), the elementary composition of the

fuel was again used as the point of departure; as has already been noted,

this is the source of the inadequate accuracy delivered by the calcula- .

"tions.
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The heat of combustion of a liquid fuel may be computed with an

accuracy approaching that of calorimetric determination by the formula

of D.P. Konovalov (4]:
Q2 .3050K# (4)

where K is the quantity of oxygen necessary to burn a unit weight of

the fuel.

The quantity K is computed by the formula

.C+8M-O

S~(5)

where C, H and 0 are the contents of carbon., hydrogen and oxygen in the

fuel, respectively, expressed in %"

According to this formula, the quantity of heat liberated in com-

bustion of the fuel, referred to a unit weight of oxygen consumed, dif-

fers by no more than 1 - 2% for all fuels.

In the third case, the empirical formulas are based on the fami-

liar Hess law, from which it follows that the heat of combustion of a

fuel corresponds to the difference between the heats of formation of

the co,..pound being burned and the sum of the heats of Tormation of its

ultimate combustion products (water,-caiboih dioxide, etc.).

Finally, in the fourth case, for liquid hydrocarbon fuels, which

consist basically of two elements - carbon and hydrogen - a definite

relationship has been established between the proportions of these ele-

ments, their boiling point, aniline point, density (5], hydrocarbon

structure [6] and other indices V-hat characterize the hydrocarbon fuel

on the one hand, and the heat of combustion on the other.

Table 23 [7] shows the relationship between the carbon-to-hydrogen

ratio and heat of combustion for a hydrocarbon fuel of this composition.

Knowing the chemical composition of a liquid fuel, we may compate

its heat of combustion by the following formula [6] with an accuracy

- 199 -
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TABLE 23 -

Lower-Limit Heat of Formation of
Liquid Petroleum Products at 15.50
and Constant Pressure (in kcal/kg).

S[9J ",:

........ M 2TOna, YrneaoAo- I 1IMnnAya83- .
O - yraopoa POAIO t T n 1le yrrjeono-

oumeuhte Mannaopu-... .. 3.• oopoA./~ ..... . . I __ __ __

6,0 10360 10360
8,4 t10240 10250
6,8 01 10•5150
7,2 10010 10070
7,6 9925 10000
8,0 9820• 9930
8,4 9730 9875
S8,8 9650 9830
9,2 9580 9780
9,6 9520 9760

.0,0 9470 9740

E) Elementary composition of fuel
(carbon/hydrogen ratio); 2) hydro-
carbon fuels; 3) individual hydro-
carbons.

"wilthin 1 to 2%:

Q. 104.02 no + 26.05 n. + 13,0 n, + 46, t4, + 6,5 . -- 3,5 .,_ .:

- 6,5 .•G ,*' (6)n.,

where v is the upper-limit heat of combustion in koal/mole.at 200,
n is the number of carbon atoms in the molecule, nH is the number of

hydrogen atoms in the molecule, nI is the number of double bonds in the-

olefin molecule or in the side chains in the case of ring compounds,

"2is the number of triple bonds in the molecules of acetylene hydro-

carbons, n3 is the number of double bonds in the ring for unsaturated

.-.. naphthenes, nar - ai is the number of bonds between the aromatic ring

and the alkyl groups, na- ar in the number of bonds between aromatic

"rings.

In computing, the heat of combustion for polycyclic aromatic hyd.o-

carbons, nar - ar is equal to the number of aromatic rings in the p)o
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cyclic grouping minus one multiplied by two. For example, n -,

assumes the values

"for diphenyl .... .. . I
" triphenylbenzene . . . . 3
. naphthalene. .. .... 2
" phenanthrene . . 4 , . . '

""ohrysene . . . . . . . .6
etc.

HEAT OF COMBUSTION AS A FUNCTION OF THE CHEMICAL NATURE OF FUELS

*The heat of combustion of a fuel depends on two factors:

1) on the quantity of combustible compounds in the fuel; this

applies principally to solid fuels whose composition includes ash and

* a considerable quantity of moisture;

2) on the chemical composition of the fuel or on the proportions

of the elements composing the combustible part of the fuel and, conse-

quently, on the chemical composition of hydrocarbon liquid fuels.

Table 24 lists heats of combustion for the combustible parts of

various fuels and the elements composing them.

"In practice, a liquid hydrocarbon fuel consisting almost entirely

of compounds whose structures incorporate carbon and hydrogen hav the

highest heat of combustion. The unit-weight heat of combustion of by-.

'. drogen is 3.5 times that of carbon. For this reason, the higher the

*1 hyd.'ogen content, the higher will be the heat of combustion of a hydro-

carbon fuel.

For paraffinic hydrocarbons, carbon content varies insienificantly

- in the range from 84 to 85%; for naphthenic hydrocarbons, this quan-

"tity is constant at approximately 85.75%, and for aromatic hydrocarbons

it varies over a wide range from 91 tO 87.5%, depending upon the length

of the side chains.

•.i -**. The unit-weight heats of combustion of fuels vary in the same se-.

quence as carbon content: negligibly for paraffinic and naphthenic
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hydrocarbons and up to 500 kcal (Fig. 5)4) for aromatic hydrocarbons

with 6 to 20 carbon atoms.

TABLE 214
Lower-Limit Heats of Combustion of
Fuels Referred to Burning Mass (in
kcal/kg)

1 22
Tonauzo "

3 A30oo6panuMeoexueugaR

4 Bo/opoA; cropaeT x wo•y.... ....... 28 557
5 Crotcb yraopoAa; cropaeT 2 yraoxnecur,

6 ................. 2429*.6 MoTan . .. .. .. .. .. .. . .. 1t970

JT3aneU.......... ...... 11 45AgeTn....... ........... 499

9TaepjPoe TOfa,,,DO
'-' "'repo; cropaar a yr. -c~u awl raa 8100*

;• l . YrjpoQo,; cropaem s oimuc yrzopoja . . 2433

R"L Iam nuri yromb. .. ... ...... 7..-."' 1. B)yati mny~Oe...................60000-7000 , (
.. To.. ............ ... .. .0--000

A40no o......................45MQ

"17 huRxoe Tonuiho 181
18 nell u,................ 1050
lQ Anntanonit,,,A1 GOUu,,,, copT 100/130 . . 10 30
2) rio.=u auToo~oua~uuu0, (cop.,imid) . 0to486
21 u•o.thuoe loua)uo, upoquucioe .O 10380

.. o-r carbon and carbon monoxide, in
which there is no hydrogen and water
does not form on combustion, the con-.

.. cept of lower-limit heat of comhus-
tion is not applicable. Their full
heats of combustion are listed.
1) Fuel; 2) Qn kcal/kg; 3) gaseous
compounds; 4) hydrogen; burns to
water; 5) carbon monoxide; burns to
carbon dioxide; 6) methane; 7) ethy-.
lene; 8) acetylene; 9) solid iuel;
10 carbon; burns to carbon dioxide;

,.: 11 carbon; burns to carbon monoxide;
12 anthracite; 13) oosli 14)lt
"15 peat; 16) wood; 17) liquid fuel
18 petroleum; 19) aviation gasoline,
',rade 100/130; 20) automobile gasoline

medium); 21) diesel fuel, paratt.nic.
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The unit-volume heat of combustion of hydrocarbons is determined

"not only by the unit-weight heat of combustion, but also by density,

which varies as a function of the hydrocarbon's structure.

For hydrocarbons fuels that boil out in the range from 80 to 3000,

"" the density P varies as follows [9, 11, 12].

For paraffinic hydrocarbons . . . . from 0.68 to 0.80

S... ... For naphthenic hydrocarbons . . . . " 0.74 " 0.84

"-.-" For monocyclic aromatic

carbons . . . . . . . . . . 0.86 " 0.90

For bicyclic hydrocarbons . . . . . 0. 92 " 1.04

As we see, even within a single class of hydrocarbons, density

Ull •varies significantly; this is determined not only by the molecular

weight of the hydrocarbono, but also by the structure of the isomers.

Among the paraffinic hydrocarbons, those with three and more methyl

groups in the molecule and located on the same carbon atom or in a row -

' show the highest densities. Paraffinic hydrocarbons having branched or,

as they are sometimes called, comb structuresare characterized by high

densities. Here, the number of side chains must be as large as possible,$

theLr arrangement as compact as possible; the chain length may be res-.

tricted to only one methyl group.

Thus, for example, the density of n-dodecane (CIA16) is 0.7487,9l2.

while that of 2,2,3,4,5,5-hexamethylhexane (CeH26) ia 0.7925.

We observe the same relationship for naphthenic hydrocarbons as

for paraffinic hydrocarbons. As the number of side chains increases and

as they are placed more. compactly in the molecule, density rises mark,.

"- edly. Thus, for example, a naphthenic ring with side chains iik the

f ortho position have densities from 0.795 to 0.815 for C8- C12 hydro-

<1- " "\ carbons, in contrast to hydrocarbons whose side chains occur in the -y
meta position, which have densities of 0.785 to 0.800. Naphthenic hydro-
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carbons are characterized by a

density increasing sharply as the

or. -Im number of Methyl groups in the ,.

oe- -- 2, 3, 4, 5, and 6 positions.

" K Like the paraffinic and naph-

a S if 13 5-1IS thenic hydrocarbons, monocyclic

aromatic compounds have higher

Fig. 54. Upper-limit unit-weight densities as the number of side
heat of combustion of hydrocar-
bons as a function of their st- chains compactly arranged on the
ructure [i0. 0) Paraffinic hy-
drocarbons of normal and isome- benzene ring increases. Thus, by-
ric. structure; V) derivatives r..h
of cyclohexane with normal-st- carbons with side chains in the "
"ructured side chain; X) cycle-
pentane derivatives with nor- ortho position have densities hi-
mal-structured side chain; U)
benzene ring with normal-struc- ghe-' than those of hydrocarbons
tured side chain. 1) Heat of
combustion, kcal/kg; 2) number with the same molecular weight but
of carbon atoms.

with side chains located in the

ra and meta positions. Density increases with increasing number of side

chains on neighboring carbon atoms in the benzene ring.

Bicyclio compounds are distinguished by the highest densities. _

The densities of hydrocarbons of all classes increase with Increas-
.. i Ing number of short side chains (methyl groups) situated in the molecule t S.

as symmetrically and compactly as possible as compared with the dens'.-.

"ties of the corresponding hydrocarbons having thc same molecular weights

and empirical formulas but different ztructures.

Obviously, a fuel with a higher density and, consequently, a higher

unit-volume heat of combustion (Fig. 55) can be obtatined by forming mix- %.

*..•. tures of hydrocarbons of a definite chemical structure.

Hydrocarbons having different structures are proesent in petroleum

,4 and in products of refinement of petroleum raw materials. Industrial .

.techniques for separating the hydrocarbons and extractlng them orn tic

-204-
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Fig. 55. Relationship between upper-limit
unit-volume heat of combustion of hydro-
carbons and number of carbon atoms in the
molecule [12). 1) Benzene ring with normal-
structured side chain; 2) cyclohexane with
normal-structured chain; 3) cyclopentane
with normal-structured chain; 4) normal-
structured par'affinic hydrocarbons; 5) par-
affinic hydrocarbons with single methyl
side group; 6) paraffinic hydrocarbons with
two methyl side groups at the same C atom;
7) paraffinic hydrocarbons with two methyl
side groups on adjacent carbon atoms; 8)
paraffinic hydrocarbons with three or more
methyl groups on adjacen~t carbon atoms

* (compact arrangement); 9) paraffinic hydro-
carbons with aingle ethyl groups; 10) para-
ffinic hydrocarbons with two ethyl groups
on the same C atom; 11) paraffinic hydro-
carbons with two ethyl groups on different
C atoms. A) Heat of combu',t4on, kcal/liter;
B) number of carbon atoms.

basis or their structures are not adequately developed. The pozzoibili-

ties offered in thin respect are quita considerable.

The data listed in Table 25 provido sme conception of the Iheats

of combustion of hydrocarbon fractions ob-tained from various raw ma-

"terials and by various retinir4 methods.

As will be seen from the data in Table 25, the difference between

, the max' m and minismam values of the heats of combustion for the ILrac- .
._t tions listed, which are of thu same chemical structural type, lie be---
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TABLE 25
Limitsnof variation of lower-limit heat of combus-
tion Q of hydrocarbon mixtures (in kcal) [10]

1 2Monol'uxnn,•me o 3 !jaeonome | p np ,ou,
•npepm n yraaouJopoau yraeaeAOpOpnl

UU- paxtf,, 5 ., 6.
5~' n~a [# HAA UAireWu* i Ila au A

IOO-tso 095-- 8450-- iO3s-- M5-- OO- 7950-
8200 1020• 7400 10400 7730

150-200 10020-9670 8920- 10440- 8000- 2- 8170-.
8300 10130 7M00 10510 783

200-250 M950-9820 9100- 10400- 8680- 1068D- 8350-
8,-00 101to 7700 10430 8070

250-300 9970-9770 0350- t0350- 8850-- 047j0- 8270--
8670 10100 78MO 0300 8240

3W0-350) 0980-9W5 8170- 102-50- 8800- 104.20- 8420-
8770 10100 8100 10330 8250

i) Boiling range or hydrocarbon fractions, °C; 2)
monocyclic aromatic hydrocaribons; 3) naphthenic
"hydrocarbons; 4) paraffinic hydrocarbons; 5) per
kg; 6) per liter.

tween 30 and 350 kcal/kg for the unit-weight heat :f combustion and be-

tween 30 and 1100 kcal/liter for the unit-volume heat. The difference

between the unit-volume heats of combustion for naphthenic hydrocarbons

is particularly large (700 to 1100 kcal/liter).

This last fact indicates that a considerab:.e increase in the unit-

volume heat of combustion of the fuel as a whole can be amhieved by in-

troducing certain industrial mixtures of naphthenic hydrocarbots into

the fuel.

SIGNIFICANCE OF UEL FHEAT OF COMBUSTION FOR ENGINES

During the time when engines requiring high-yield liquid fuels were

rapidly making their appearance, the importance of the fuel's heat of

combustion and the necessity of Increasing it Awrther increased sharpely.

The difficulty of achieving further increases in the heats or com-

*+. iiustion of hydrocarbon fuels .onsists in the fact that contemporary

* ** fuels have come very close to their limit as regards this characterlst,- ý

(see Table 3).
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Heats of Formation or Theoretical Working
Mixtures of Varzious Fuels (13]

Cj)OQICCHW 3
11"CTA W3AYX CMCCU

TO O="u *P rP41 I wo 0'I COJ&1~OIZUU aitaattor~uI 11. 847

Hermona aI~xopmOGAbW M 150W2

3Mm ... ..
9..............,82

. . ~6.5382

1) Fuel; 2) theoretically necessary quantity
of air f~or combustion of 1 kg of fuel, kg;
3) heat of combustion of wgricin mixure with
a =1 and T60 mm Hg, cal/rn3; 41 aviation gaso-
line; 5) automobile gasoline; 6) tractor. kero-K. sene; 7) prbenzene; 8) ethyl alcohol (recti-
ficate; 9) methanol.-

However, the possibilities for increasing the heats of combustion

of such fuels should not be regarded as having been completely exhaust-

ed if, in specifying them., we follow a more rational system based upon

* the creation of recipes for fuels of specific compositions from hydro-

carbons of specifled chemical composition.

Let us examine the role taken by the heat of combustion of the

fuel in the operation of modern enginez.

The heat of combustion of the mixture enterivq a reciprocating in-

terna-l-combustion engine is approxim~tely the saw- irrenapectivo of the

chiemical com'position of the liquid ruel and,, consequently, irrespe~ctive

ol' Its heat of combustion (Taible 26).

F~or this reason, the power output of a piston engine undergoes vir-
*4 S

tually no cha-nge as a result of using a fuel with a difrarent, heat of

A ~ combusti~on. L
* ~Wheni a rue! with a highier heat of combustion is used., more a.ir will '
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be used for combustion of a unit weight of combustible; in other words,

the working mixture will be leaner; when a fuel with a lower heat of

combustion Is employed, the mixture will be richer.

Consequently, the use of a fuel with an elevated heat of combustion

in piston engines results in a drop in the specific fuel consumption,

a decrease in fuel-tank capacity required for the same range of the

* . vehicle, and a slight change in the jet section tn accordance with the

quantity of fuel supplied, but does not result in a change in engine

power.

Irrespective of the heat of combustion of its fuel, the power deve-

loped by a piston engine reamins constant.

For Jet and rocket engines, the thrust of which Is created solely

through the reaction forces of the gases issuing from the nozzle, the

fuel's heat of combustion is a more important factor.

The thrust of an air-breathing Jet engine is the resultant of the

air- and gas-flow forces acting on the elements of the engine's flow-

"':. through section and outer surface. It is directly proportiona- to the

"quantity of air passing through the engine and to the outflow speed of

the gases pasuing through the reaction engine's nozZle.
The consuDption of fuel by weight is only 1.5 to 2% of the weight

of air consumed. The basic function of the fuel is to increase the kine.

tic energy of the air, which is expended on useful work and compensation

of losses. Consequently, the higher the fuellz heat of combustion, the

S larer will be the useful work done by the engine.

To attain high efficiency in an alr- breathing jet engine, it Is

-ecessary to use a fuel with the highest possible heat of combustion;
ths will make "t possible to increase the voluli-e of the gases and,

• • cos�equentiy, their outflow velocity.

.lie Importance of Increased heats of combustion for Jet fuelr ;: .-

e.s :. - 208 -
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become even clearer if we recall that the heat lost with the exhaust

gases comes to 70 to 75% of the heat liberated in combustion of the

fuel, while only 14 to 17% of the heat is used at the present time on

useful work [141.

.:. j Consequently, the use of a fuel with an elevated heat of combus-

"tion in air-breathing jet engines results not only in the advantages

' .... listed for piston engines, but also in an increase in engine power and

the range and speed of the aircraft, or a decrease in specific fuel

consumption.

For a rocket engine, the importance of a fuel with a high heat of

"" combustion is even greater. The altitude ability of a rocket engine in-

creases by as many times as the fuel's heat of combustion is increased.

The uee of a fuel with a higher heat of combustion for rocket engines

"results not only in the advantages listed for air-breathing jet engines,

but also in an increase in the rocket's altitude ability.

The total quantity of heat liberated on combustion of the fuel pre-

sent in an engine's tanks or in any other reservoir may be expressed in

either of two ways:

1) the product of the unit-weight heat of combustionL by the weight

of fuel;

2) by the product of the unit-volume heat of combustion by the

volume of fuel.

For a given fuel, these quantities are equal and there is therefore

no necessity of using the two values - the unit-weight and anit-volume

heats of combustion- simultaneously.

In practice, only the unit-volume heat of combustion is oonvenient

to use in cases where the fuel-tank capacity is limited and the fuel

.. tanks are filled to the brim when operation of the engine begins. Here

"it is unnecessary to know the unit-weight heat of combustion of the fuel.
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Only the unit-weight heat of combustion is conveniently used in

cases where fuel-tank capacity is sufficiently large and may not be

completely filled with fuel, as well as when the specific gravity of

the fuel is so high that the possibility of overloading the aircraft

.... with fuel must be considered. Here it is not necessary to know the value

of the fuel's unit-volume heat of combustion.

Consequently, we may use either the unit-volume or the unit-weight

heat of combustion of the fuel, depending on the mission involved.

It must be remembered that an aviation fuel with an elevated dens-

ity will take preference only where the increase in heat of combustion

outweighs the loss of the energy that must be expended as a result of

the increased flight weight of the aircraft when the latter is loaded

with the heavier fuel.

The criterion for energy evaluation of a fuel will be the specific

Sheat of combustion of the fuel loaded referred to a unit of the mach-

ine's flight weight.
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Chapter .

SCALING AND VARNISH-FORMING ABILITIES OF FUELS

SCALE

Scale is a term applied to the solid carbonaceous materials

that form during operation of internal-combustion engines on the

walls of the combustion chamber, the piston heads, the upper land

of the piston up to the first compression ring, on the valves and

on the spark plugs. In reciprocating engines, scale is deposited on

the components in the form of a relatively thin layer only a few

millimeters thick and having a rough surface. In jet engines, the

thickness of the scale formed on the combustion-chamber walls may

reach several centimeters.

"The color of the scale is usually black, but it may also assume

any other color - red, brown and even white; it all depends on the

"materials that form it.

Scale may be formed from either the fuel or the oil. In the

antechambers of diesels, to which oil has virtually no access, and

in the combustion chambers of Jet engines when the fuel is burned

without any oil additive, scale of purely fuel origin is deposited

L on the walls. In compressors, the scale is formed solely from the

oil. In carburetor engines, and in the main combustion chambers of

diesels, scale Is formed from fuel and oil simultaneously.

Depending on the engine's operating conditions, the temperature

of the surface onto which the scale is deposited, the quality of the

fuel and oil, and the materials entering the combustion chamber to-
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gether with the air, fuel and oil, the composition and properties of

the scale deposits vary. Consequently, different types of scale are

deposited on different components even in the same combustion chamber;

- ---- -the scale forrd-n' -the i-itakW lVye-differs from the scale formed on

the exhaust valve, and the valve scale differs, in turn, from the scale

formed on the piston head and on the combustion-chamber walls. Further.,

.i different layers of the same scale differ from one another as regards

chemical composition.

Scale consists of carbon, oxygen, hydrogen and other elements

(iron, lead, silicon etc.), the quantity of which may vary over a very
* wide range. For example, when an engine is operated on unethylated

gasoline, the scale removed from the piston dome consists approximately

of 72-72% carbon, 17-20% oxygen, and 4-5% of hydrogen; the noncombus-

tible part of the scale, on the other hand, amounts to only a few

percent. However, in the case of engine operation on leaded gasoline,

the scale may be found to contain an much as 60-90% of lead compounds.

It is customary to characterize scale on the basis of its chemical

composition, expressing its components in terms of their percentages:

oil, asphaltenes, carbenes, carboids-and ash. .If necessary, the ash

is analyzed for qualitative and quantitative determination of its

contents of various elements (iron, lead, barium, silicon and others).

"There are two possible ways in which scale may form in internal-

combustion enrgnen: 1) as a result of deposition of carbon black on

the components together with various compounds that form on combustion

of fuel and oil vapcrs; 2) as a result of the profound changes to

which the fuels and oils are subject when, in liquid form, they strike

the hot parts of the engine. These two routes of scale formation in

4. / internal-combustion engines are intimately interrelated.

Not all of the scale that forms on combustion of the fuel re-

* *4 Il* -2-213-



mains on the components. The basic mass is carried out of the combus-

tion chamber together with the exhaust gases, some quantity of it en-

ters the crankcase, and only a very minor fraction of all of the scale

formed remains on the combustion-chamber components. We would there-

fore draw a distinction between the scaling ability of a fuel and the

quantity of scale that is deposited on the components, since the lat-

ter depends not only on the fuel, but also on a number of other fac-

tors.

Influence of Fractional Composition on Scaling Ability of Fuel

It is a general qualitative rule for all fuels, irrespective of

the type of engine for which they are intended, that their tendency to

scaling rises as their fractional composition becomes heavier.

TABIE 27
Scaling Abilities of Various Fuels

Teuuopay.- 3
,"1Towwio P• fUitN s i3@a B uaX~j•PA-: AX a. BoHA M

-" 5 AKpvut. ...- ....... 62
rgU30f"Lbf0 ' "Unn.oU1•Woauauao 41. 249 1,79

1) Fuel; 2) temperature of 10% dis-
tillation, 0C; 3) weight of acale•,
grams; 4) aviation gasoline' 5) ke-
rosene; 6) diesel fuel I; 7i diesel
fuel II.

Using a laboratory apparatus that reproduced the basic parameters

of a gas-turbine engine's combustion chamber, Starkman, Cataneo and

Allister investigated the scaling ability of commercial fuels of vari-

"ous fractional compositions [1]. The results that they obtained (Table

2t2') indicated that the tendency of commercial fuels to form scale in-

'. - creases as their vaporizability diminishes and their fractional comps-

- 214 -
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: . sitions become heavier.

It was also established in tests run on this laboratory apparatus

with various individual hydrocarbons that the tendency of pae'affinic,

naphthenic and aromatic hydrocarbons to form scale diminishes with di-

I. minishing boiling point.

-Shore and Ockert (2] studied the mechanism of scaling and the in-

fluence of fuel fractional composition with the aid of radioactive

isotopes. They showed that as the boiling point of the hydrocarbons

rises, their tendency to scale also rises, with this increase becoming

most distinctly expressed at a boiling point of about 2000. It was

found that 98.3% of the entire quantity of gasoline introduces only

35% of the entire hydrocarbon part of the scale, while the remaining

65% of the scale is formed by the tailings of the gasoline, which

* "amount to only 1. 7%.

Investigation of a series of commercial fuels by the PZI method

has shown that a Type T-1 fuel with a boiling range of 128 o 2790 has

a scaling ability of the order of 100 to 140 mg/kg, while the heavier

Sdiesel-type fuels (179 to 3500) give 245 to 265 mg/kg and solar oil,

which boils in the range from 300 to 365° gives 360 mg/kg [3].

The present authors obtained similar results with the assistance

of A.A. Gureyev in investigating four thermal-cracking gasolines with

various fractional compositions in an automobile engine equipped with

scaler inserts (4). All four gasolines were produced from the same

initial specimen by separation of the high-boiling fractions by simple

rectification. These gasolines showed only minor practical differences

as regards their group chemical composition. As the fractional composi-

tion of the gasoline became lighter, however, its tendency to scale
"formation dropped off sharply (Table 28).

In earlier studies, investigators did not always find a link be-
<215
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tween the vaporizability of fuels and their tendency to form scale,

particularly when they were comparing gaseous fuels such as natural

gas and hydrogen with gasoline. For example, Buman [5] found no

marked difference in scaling properties in tests of hydrogon and avia-

tion gasoline in a single-cylinder apparatus. According to Gruse (6],

the wide variations in the vaporizability of both fuels- ranging from

that of natural gas to that of gasoline with a terminal boiling point

0
.. of 225- exerted no noticeable influence on scaling in an engine in

operation with a constant excess-air ratio. The quantity of scale re-

moved from the cylinder head and referred to 1 liter of oil consumed

-" remained practically constant. But the author notes in this connection

that a considerable increase in scaling was observed in operation on

heavier fuels - ligroin and kerosene - as a result of poorer carbure-

tion of the fuel and the lower flame temperature.

TABLE 28

Influence of Fractional Composition of Thermal-
Cracking Gasoline on Its Scaling Ability

003t~quo"UUN CMcta. O4c "MCSMPORUMA*

.e-1". 15 o 0 e,,

8 9

• lin pret,8 naur~e;9 ar matc

j#CXOAUU110 X . It.
20...0,749 67 M0138 102 2W 7%8 28 1.0 71, 0W

13Totrw mOn 6e~in
-1 00' . . . 0.745 p5 91 130 U51n 0 70.o 35 0,5s64,5 3314 TOY *aG 6onauu c
i. X. 056 . . . 0.734 61 84 112 t50 t75 88,0 3? 0,0 63.0 23

15 Tot uio 6awau c
LX1 0*,0720 50 65 103 14060jO89,0 31 0.0.63,0 2D

"1),, Thrmacrakinia gasoline; 2) b-density P
•ra-tional compositaon, g Co n4) start of boiling;
5)end or boiling; 6) iodine number, S of

iodine/l00 j& of' gasoline; 7) hydroca~on ao.-po-
sition, percent; 8) unsaturated; 9) aromatic;
10) naphthenes and par'affins; 11) scaling abil-
ity, mg/hour- 12) Initial gasoline, final boil-
ing 2050; 131 same gasoline, final boiling 1.900;
-14) same gasoline, final boiling 1750; 15) same
gasoline, final boiling 1600.
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The existence of contradictory data is apparently to be accounted

for by the deficiencies of the methods used earlier, which did not

permit ascertaining the differences between the scaling abilities of

fuels with only slightly different vaporizabilities.

At the present time, most researchers come to the conolusion that

(all other conditions the same) fuels of heavy fractional composition

are more inclined to form scale than are fuels of light fractional

composition.

Influence of Chemical Composition on Scaling Ability of Fuel

The scaling ability of a fuel depends heavily on its chemical

composition. Researchers have noted a particularly distinct rise in

tendency to scale in the aromatic hydrocarbons.

In an investigation of the influence of the structure and boiling

point of a hydrocarbon on its tendency to form scale in internal-com-

bustion engines, Shore and Ockert [2] added the hydrocarbons to be

studied to the fuel after tagging them with radioactive carbon. The

activity of the scale was measured after the tests and the extent to

which the hydrocarbons investigated had participated in scaling was

determined (see below on foreign techniques).

They found that with identical boiling points of the hydrocarbons,

the paraffins manifest the least tendency to form scale, followed by

the naphthenes and olefins. The aromatic hydrocarbons and the bicy-

clie hydrocarbons in particular showed the strongest tendency to seal-

gI in. The scaling abilities of the aromatic hydrocarbons is approxi-

mately 3 times that of paraffinic hydrocarbons with the same boiling,

point.

Investigations of scaling by mixtures of cetane (in mg/kg) with

"ei-eethylnaphthalene by the PZI method (3] showed that as the content

"" of a-methylnaphthalene in the mixture increases, its scaling tendency
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increases [2].

Cetane (standard) . . . . . . .... . . .... 110
80% cetane + 20% c-methylnaphthalene 125
60% cetane + 40% a-methylnaphthalene . . . . . . . . 215 ..

40% cetane + 60% a-methylnaphthalene . . . . . . . . 230

..-. In a test of B-70 aviation gasoline mixed with benzene and tolu-

ene in an automobile engine, scaling increased with increasing content

- of aromatic hydrocarbons in the gasoline.

It was shown by the investigations of Spindt and Wolfe [7] on a

two-cylinder Galf (sic; Half?] engine in which one piston had been re-

placed by an equalizing mechanism in .conjunction with a special 40-

"hour procedure that paraffins and olefins exert insignificant influ-

•ii•. ence on the tendency of the fuel to form scale. Complex diolefins and

aromatic hydrocarbons with olefinic chains, on the other hand, aggra-

vate the scaling properties of the fuel considerably. Selective puri-

' fication (SO2 ) enabled them to reduce the aromatic-hydrocarbon con-

tent in the fuel from 31 to 17%; the content of unsatiArated hydrocar-

bons dropped unnoticeably when this was done. However, the scaling

ability of the fuel showed virtually no change. On the basis of these

experiments, they concluded that the unsaturated hydrocarbons deter-

mine the fuel's tendency to form scale to a considerably greater de-

gree than do the aromatic hydrocarbons.

Strongly branched aliphatic hydrocarbons (diisobutylene and iso.

pentenes) produce only an insignificant increase in scaling. Although

it polymerizes easily, styrol does not produce an increase in the de-

' posits; a-4methylstyrol (an aromatic olefin) increases scaling consid-

erably.

" --. The basic source or scaling, according to the results of these

researches, is the diolefin content. On addition or tert-butyl perox-

ide Lo the fuel, it was found that the hydroperoxides, which increa3.,d
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the rates of oxidation rea'.... ins, contribute to a considerable increase

in the fuel's scaling tendency (Fig. 56).

mrgeo n 'I o 'D$~JIWP~

AM,07 W7OtiIm'7-maH IC

5,.... unu ,P

' I 4*7 I • ' "

, I A
ID

R£ ai, ,,.,,,,M,•,.uof H

417. Ape n

Fig. 50. Changes in zoaling ability offuel on addition of various hydrocarboncompounds. X - X is the line for the

standaad fuel, taking the error range tn-
to accounte. A Vuel with minor tendencyto caliong, A1 fuelwihinrtdey .
to scalinge Bt fuel with considerable p

tendency, to saling; C) 25.0% diisobuty-
lene; D) 5.0% isoheptanes; E) 0.4% vinyl-
cyclohexane; F) 0.5% styrol; G) 0.4% a-
.methylstyrol; H) 0.02'% N,N'-di-.sec-butyl-
,.-phenylenediamine, Ij) 0.2% terT-utyldj- '
bIiydroperoxide.

In. investigating various individual hydrocarbons and commereoial

fuels in the combustion chamber of an air-breathing jet engine, Ya.M.

Paushkin showed [8] that with Increasing ratio of carbon to hydrogen

"*A," in the fuel, the scaling ability of the fuel increases. It was noted

simultaneously that the tendency of the fuel to form scale increases
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as its boiling point increases.

* .: Influence of Ethyl Fluid on Scaling Ability of Fuel

Of all of the fuel additives used, the antiknock compound tetra- *.. -

ethyl lead exerts the strongest influence on scaling [9].

When ethylated gasolines are burned,
70 111-11 amounts up to about 2% of the lead pre-

sent in the original gasoline remain in
.. io

: . .UDZ. ... the engine. Considerable quantities of

11111 " various lead compounds accumulate in the

M bJPd scale (Fig. 57)9 As a result, several

t- P r times the amount of scale deposited in

Si i! _ operation on unetVylated gasolines is
0• ,050 Oofm• 0

0Obcimr0oe. caiepo.Gue T3C 6 8eaujue,% deposited in the combustion chambers of

Fig. 57. Influence of te- engines burning ethylated gasolines.
, traethyl lead on composi-

tion and quantity of
scale in combustion cham- As a rule, scaling In the engine
ber. 1) Quantity of scale.,
br 1) voumeont nty of scalincreases with increasing concentration

g2) volume content of
f etraethyl lead in gaso-tlinae ledof tetraethyl lead In the fuel, and this
linej,

applies with equal force for both the

initial stages of scaling and for scale that has already reached its

equilibrium state.

Influence of Sulfur on Sealin Ability of Fuel

In the opinion of most investigators, the tendency of a fuel to

scale formation increases with increasing sulfur content in the fuel

1[0]. This was demonstrated in 220-hour stand tests or four-cylinder

carbureted engines that were carried out at the NAMI (Table 29).

"AcoordiAng to Gibson et &L. [11], soaling also increases in an

automobile engine with increasing content of sulfur in an ethylated

gasoline consisting of a mixture of crackit4 and direct-distilled gas-

,. olines.
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. Quantity of sulDNr in ethylated gasoline,, 0.05 0.30
"Weight of scale formed in engine during

.i .7, 100-hour test, Z: 7in steady operation....75 12
in variable operation . . . . . . . . 56 8

In tests on sulfur-containing diesel...] TABLE 29 ,Z

* '-1 Influence of Quantity of fuels tr'otor engine,
sulfur in gasoline on its N.G. c (12] round a considerable
scaling ability

Sincrease in the quantity of scale on the
')! ;ep ,arap, Y=•M~MUM2.e piston dome (in grams) as the sulfur con-

S4- tent in the fuel increased.
,. 4.26 * 2,5*Standard sulfur-
S:•.1• *o * free fuel • • • 5.4

Fuel containing
1) Content of sulfur in 0. 58% sulfur , . , , 12.4
gasoline, %; 2) quantity Fuel con aining

A of scale, S; 3) increase; 0.89% sulfur . . . . 18.1
4) by a factor of 1.5.

TABLE 30
Influence of Hydraulic Purification of Fuel on
Scaling

2 ," .tioa o marapa, a

Croapufainee 1,0% c"PU t~o tM ta s . . . I
6 6 Caaep"Um 0&3% C*PI OC44 rCAnooAWW O 0. OM

"1) Fuel; 2) quantity of scale, g; 3) on dome of .

piston; 4) on upper band of cylinder sleeve; 5)
containing 1.0% of sulfur (before hydiaulic pu- •
rification); 6) containing 0.03% of sulfur (at-
ter hydraulic purification).

Similar data were obtained by I.I. Gershman and I.A. Traktovenko
9, [131 in 500-hour tests of a lightened diesel fuel containing 0.46% of

I . su'fur and a standard fuel containing 0.05% of' sulfur In a two-cycle

YaAZ-204 automobile diesel. In operation on the high-sulfur fuel, ap-.

I• proximately one and one-half times as mueh scale formed on the engine
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components than formed with the standard fuel, despite the fact that

* .. the latter had a somewhat heavier fractional composition.

As a result of 100-hour tests on fuels from sulfur-bearing petro-

leums in marine diesels, M.S. Smirnov [14] showed that when the sulfur

content in the fuel is reduced by hydraulic purification from 1% to

0.03%, scaling is reduced by a factor of 1.5 to 2 (Table 30).

Sulfur present in the fuel influences not only the quantity of

scale formed, but its properties as well. Sulfur compounds accumulate,

in the scale and raise its density [15].

Quantity of sulfur in fuel, % . . . . . 0.08 1.50
"Quantity of sulfur in scale,% . . 1 9
Density of scale, g/Cra3  " " . . 0.03 -0.50

CONSEQUENCES OF SCALE FORLMATION

! Scale on combustion-chamber walls has a detrimental influence on

* ." the processes unfolding in the engine and, among other things, results

in reduced efficiency, power and economy of the engine, raises the re-

quirements as to the antiknock properties of the fuel, disturbs the

normal combustion process as a result of uncontrolled premature and

surface ignition, in which the impact loads on the engine components

increase and its operating reliability drops sharply, and causes mis-

firing in the ignition system and burning of the valves.

Power Losses

As a result of scale formation in the combustion chamber, the

size of the combustible mixture drawn in Is reduced and the indicated

"and effective eftioleacles decline, with the result that the engine

. loses power.

"Tho influence of scaling In reducing the power of the engine de-

pends considerably on the engine's operating conditions. According to

Palae and Mueller (16L, more scale form under steady operatIng condl-

tions with a given fuel and a given oil than in a variable ope-atine
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regime; the magnitude of the power lost in the steady mode is accord-

• " ingly also larger.

The use of various grades of fuels and oils over a wide range

produces even more rapid scaling and, accordingly, causes larger power

losses (Fig. 58). In a number of oases,, the power lose due to scaling

reaches 10 - 14% when ethylated gasolines are used.

Increase in Required Gasoline Octane Number

Operating practice with internal-combustion engines has estab-

lished that as mileage is accumulated with a motor vehicle or when an

engine operates for a long time under the same conditions, the re-

quired octane number of the gasoline rises as a result of scale forma-

tion.

The increased tendency of the engine to knock due to scale for-

mation is accounted for firstly by the poor thermal conductivity of

the scale, which leads to a rise in the temperature of the gaseous

H.. mixture and the surface of the scale on the combustion-chamber compon-

ents and accelerates the oxidation reactions that contribute to de-

tonation; secondly, by the decreased combustion-chamber volume and the

corresponding increase in the engine's compression ratio; thirdly, by

.. the catalytic effect of the scale, which gives rise to chemical reac-

tions that produce detonation.

Depending on the operating conditions of the engine and the scal-

ing ability of the fuel, the required octane number rises by an aver-

age of 7 to 17 units (17] and, in some cases, by 28 octane units (18].

Tetraethyl lead in the gasoline causes different changes in the

required octane number in accordance with the operating cinditions of

the engine. Operational tests of six motor vehicles [19] on unethyl-

ated gasoline and on gasoline containing 0.4 and 1.1I ml of tetraethyl

lead per 1 kg (two automobiles operated on each fuel) established that
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Fig, 58, Power-- loss -as. a result of scaling
under various sets of engine operating condi-
*tiofls. 1) Power loas; 2) scale weight. A)
Power loss or deterioration of d namia indi..
ces a~~~ a result of scaling 1%; B prto

on one fuel and one ocl constant speed
and load; D) variable; E) operation of~ trucks'
under severe conditions; F) various fuels and
oils; G) constant speed and load H) opera-
tioh of passenger automaobiles; ISI-1 tests;
J) 12 testa; K) scale depozit, ,.

in operation on ethylated gasoline,# the requiremuents for antiknock

properties In the fuel rose most r~pidly during the first 64oo km and

reaoeied a maximum at about 8000 kmn; the figure then remained unchanged

in fturther' tests. In operation on unethylated gasoline, the maximum-

hdnot been reached even at.16,000 km.
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Incandescence Ignition

.1 . Detonation due to premature ignition of the mixture by glowing

scale particles may be observed in high-compression engines. This ef-

"fect is superficially similar to ordinary detonation, but is accom-

panied by a more ringing knock and is unstable from cycle to cycle. It

may be eliminated by using a gasoline with a weaker tendency to seal-

"ing, special additives that modify the scale, or higher-octane gaso-

. lines (20]. Another disturbance to the combustion process in the en-

gine as a result of incandescence ignition - namely, simultaneous ig-

nition of the mixture at several points of the combustion chamber by

incandescent scale particles - has come to be known as surface igni-

tion.

"Strictly speaking, surface ignition implies an abnormal combus-

tion process of the mixture in the combustion chamber that is accounted

for by the appearance of a flame front not as a result of normal igni-

"tion from the plug spark, but as a result of ignition at any hot spot

or surface. Glowing scale particles and overheated combustion-chamber

elements (valves, spark-plug housings, etc.) may form such ignition

sources. Surface ignition occurs in two forms: 1) ignition that occurs

before the spark, which is known as premature ignition, and 2) igni- "

tion arising after the ignition spark has appeared (in advance of the

flame front), which is known as delayed ignition.

Surface ignition of the mixture results in a very rapid and

"hard" course of the combustion process and is accompanied by loud

knocks at a frequency lower than that of detonation (500 to 1600 and

5000 to 10,000 cycles, respectively); in this case, combustion is

characterized by a higher rate of pressure increase, a higher maximum

"pressure, and dioplacemeni of the maximum pressure toward top dead cen-

ter.
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Surface ignition imposes impact loads on the components, reduces

the efficiency of the engine by 13% [21, 22], results in overheating

and damage to the components, sharply reduces the gain achieved by us-

ing higher compression ratios, and lowers the operating dependability

of the engine as a whole.

The use of tetraethyl lead to increase the antiknock property of

gasolines contributes simultaneously to the appearance of surface ig-

nition in the engine. The intensity of surface ignition reaches such

significant levels in many cases that it completely nullifies the an-

tiknock effect of the tetraethyl lead. The increased tendency of

ethylated gasolines to incandescence ignition is accounted for by the

fact that certain lead compounds catalytically lower the ignition

temperatures of the carboniferous scale deposits. For example, the

self-ignition temperature of carbon (carbon black) in the presence of

lead compounds is reduced from 500 to 200 - 2300; scale particles in

the combustion chamber begin to glow and assume temperatures high

enough to cause premature ignition of the mixture.

In addition to increasing scaling, the presence of aromatic hy-

. drocarbons in the fuel also causes a marked rise in its tendency to

incandescence ignition in the engine [23, 24]. Jonson ran tests on a

motor vehicle into which an engine with a l0-to-I compression ratio

had been installed, under conditions simulating city driving. The

tests were conducted on an aromatic fuel with a research octane number

of 106. After the automobile had traveled certain distances, the in-

tensity of incandescence ignition was evaluated by the number of in-

candescent flashes (Pig. 59). Here it was established that as mileage

"and scale accumulated, the intensity of incandescence ignition in-

.-7 creases; here, the number of incandescent flashes was approximately

1.5 to 2 times as large with aromatic fuel than with parafflnic fuel,

-226-

.,- .' " . -. . ". .- n.. e-. . . . . .. .. . . . . . . .•. ., • :... ,, .-... . - ,• t .- "* S* * *,. .'...,. S.•.-..... .. .* , *.. . . .-.. . . . . . . .



although the octane numbelr of the -.romatic fuel was 1 point higher ..- •

* -. , than that of the paraffinic. According to Hopkins, Pecora and Alpert

(24], the intensity of incandescence ignition was approximately 50 per

cent higher when a fuel containing 30% of aromatic hydrocarbons was

3200-------------
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Fig. 59. Variation Fig. 60. Results of.

of number of incan- tests on engine with
descent flashes as spherical combustion
a function of dis- chamber and compres-
tance traveled. 1) sion ratio of 12 run-
Aromatic fuel, re- ning on various fuels.
search octane no. 1) 0% of aromatic hy-
106; 2) paraffinic drocarbons; 2) 30% of
"fuel, research oc- aromatics; 3) 30% of
tane no. 105. A) aromatics with addi-
"Number of incandes- tive (0.4%). A) Total
cent flashes; B) number of incandes-
distance traveled, cent flashes; B) mile-
km. age on vehicle, km; 0)

number of incandescent
flashes at 1600 Ian.

used.

The same authors also indicated that the addition of a phosphate

additive in an amount of 0.4% to the aromatic fuel reduced the inten-

sity of incandescence ignition in the engine considerably (Fig. 60).

In the presence of the phosphorus compounds, lead-phosphorus corn-

plexes form; unlike the lead compounds, these caused only an insig-

nitficant drop in the ignition temperature of the carbon and thereby
... , I reduced the ability of the scale to act as a source of mixture igni.-

"tion in the cylinder.
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A boron additive also reduces surface ignition by softening the

scale deposited on the hot surfaces of the engine's combustion chain-

ber; once the scale is softened, it is scavenged out more easily and

the self-cleaning action of the engine is improved. A particularly

"sharp reduction is observed in the deposition of lead scale on the

exhaust valves when a boron additive is used with ethylated gasolines.

Spark-Plug Misfiring

Deposition of lead compounds on the electrodes of the spark plugs

results in short circuiting, so that the engine begins to miss and its

power drops noticeably.

Scaling on the spark plugs of aviation engines has resulted in

airplane crashes [25].

The importance of this problem in automotive transportation is

S.. indicated by the results of tests on 150 vehicles, over 4o% of which

had trouble due to spark plug failure resulting from scaling andiU

scratching of the contacts [20].

METHODS OF EVALUATING SCALING ABILITY OF FUELS

Soviet Methods

Two standard laboratory methods for indirect evaluation of fuel

scaling ability are known: the method in which the cokability of the

10% fuel residue is determined (GOST 5061-49) and the method involving

determination of the smokeless-flame height (GOST 4338-48). The first

method is used to get an arbitrary evaluation of the scaling proper-

ties of diesel fuels and the second for Jet fuels (see Chapter 3). The

indices obtained by these methods give a conception extremely remote

from the actual scaling ability of the fuel. More dependable results

are obtained when fuels are tested in single-cylinder or full-scale

engines (although this is a more complex task).

Up to the present time, scaling has been determined in the major-

2- 8-
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ity of cases by manning rmotor tests with subsequent.dis-

"mantling of the engines to determine the quantity of scale that has

. .. 4

AN%.' I' - ; ""I•

A..*

Fig. 61. General appearance of scaler. a)
Clean; b) with scale. * .

Qfformed on the components. In con. -
.. ducting prolonged tests, it is

I- -- .~ 8 difficult to insure rigorously

. Bidentical assembly and geometrical

dimensions in the components of

the various engines or even in the

same engine before each test; it

I is difficult to maintain uniform-
* Fig. 62. Cylinder and antecham-

ber of IT9 -3 apparatus with ity in the test conditions over
- scaler. 1Piston; 2) valve; i n

nozzle pass valve- 4) noz7le many hours' engine operation, so
5) antechamber; 61 scaler; 75
piston for varying compression that large d.screpancies between
ratio; 8) handwheel; 9) vater
jacket; 10) cylinder. A) Water; the results are frequently ob-
B) f~uel.

served even for parallel tests.

It should be noted in addition that running long-term tests is a
complex and expensive operation. As a result, it becomes difficult and "".

sometimes even impossible to establish an exact relationship for the
j'i scaling ability of a fuel as a function of various factors and, need-

"less to say, the idea of running long-term tests on an engine every

day for monitoring purposes cannot even be considered.
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In the light of the above, a new method for evaluating fuel seal-

ing ability that consists in the use of special interchangeable scalers

secured to engine components merits special attention [3]. Use of the

scalers enables us to restrict ourselves to short-term tests. Below we

give a brief description of methods of evaluating fuel scaling proper-

-'. ties on single-cylinder apparatus and on full-scale engines, using

scalers.

PZI method for evaluating scaling abilities of kerosenes and diesel

fuels

Essentially, the PZI method, which was developed by K.K. Papok,

"A.P. Zarubin and I.D. Inozemtsev, consists in running a 5-minute test

on the fuel in a standard single-cylinder IT9-3 apparatus as used for

"determining cetane numibers. A special readily removable scaler - an

aluminum disk with four concentric grooves on one of its faces (Fig.

61) - is bolted to the head of a small piston used in the engine ante-

chamber to vary the compression ratio. The scaler's dimensions are as

follows: diameter 41 mm, height 8 mm, width of groove (depression)

1.75 mm and depth of-groovea 2.5 mm. The scaler weighs 20 g, and the

area of its involuted surface is 28 cm2 . A diagram of the cylinder and

antechamber of the IT9-3 apparatus with the scaler secured to the pis-

ton head is shown in Fig. 62. After a 5-minute test in a rigorously

maintained operating mode, the scaler is removed and the quantity of

scale that has formed on it during the test is determined by weighing.
£4..."

"a'"4 The scaler is weighed before and after a test on an analytical balance

accurate to the 4th decimal place.

The tests are carried out under the following conditions.

Number of engine rpm... . . ...... 900 + 10
Temperature of coolant, oC . . . . . . . 100 T 2
Compression ratio 14.0 (constant)
Temperature of water cooling nozzle, 0C . 38 + 3
Air temperature at intake, oC . . . . . . 65
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Fu el-ij ct. on tp-,r f-, e f/Oflc . . . . . 106 + 4

Fuel-injection advance angle, degrees • • 15 Tbefore TDC)
Quantity of fuel injected, ml/mn . . . . 13 + 0.5Oil temperature in crankcase, oc . . . 50 - 65Oil temperature in line, kgf/cm2  .. . .*1.7- 2.1

The other parameters of the engine (TDC, clearances, etc.) are

maintained in conformity with GOST 3122-52 and the factory manual on

operation of the IT9-3 apparatus. The average amount of scale on the

* scalers in accordance with the results of four 5-minute tests on each

fuel is taken as an index to the scaling ability of the fuel and ex-

pressed in mg/5 minutes. The precision with which scale is determined

between parallel tests is as follows: +2 mg below 20 mg and +10% above

20 mg. The investigations conducted by A.P. Zarubin and A.G. Slavinsky

attest to the fact that fuels have different scaling abilities lying,

for the specimens tested, in the range from 13 to 280 mg/5 min. Di-

rect-distilled kerosenes have the lowest scaling abilities (13 -

18 mg/5 min)., while certain types of solar oils (67 to 79 rng/5 min)

Sand heavy catalytic-cracking gas oil (280 mg/5 min) have the strongest

abilities.

t Pentane . . . . . . . . . . . . . . . . . . . . . 15

fuel T-2 . . . . . . . . . . . . . . . . . . . . 13

cracking kerosene 37
Diesel fuels:

D "* * *- 13 92

DL :: .# .q * 6 * * : 30

Surakhany gas oil (standard% * * * 333
of the~rmal-cracking origin a 4034
with 1% sulfur (initial boiling 2050; 90% at 3 i7) 37
with 1.1% sulfur (initial boiling 1800) 37

1with 1.25% sulfur (initial boiling 2270; 90% at 3240 55I with 1.3% sulfur ...... . . . . . . . . 47
- -Solar oils:

Surakhany select petroleum. . . . . . . . . . . 39
oftBalakhany and Binaoadinsk sic] petroleus 67
Balakhan. petroleum. . . . . . . . . . . . . . .

Catalytic gas oils:
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"heavy . . . . . . . . . . . . . . . . . 280

TABLE 31
Scaling Ability of Various Mixtures of Diesel
Fuels and Kerosenes*

"2 Harapoo6pasyotmay
--. " cuocof-oeTb, m.#/5 .Aw,

1 COCTaB cuecm " 3 ppac'IeTnie ,MenT~u~u6,Aaunu,.e j4axml*Pe
RA&UMO

5roinmno TC-f + xpexuur-xepocu.:
60%+40% ..... .......... ....... 26 25
30%+70% .................... 32 35Snanno TC-1 + comAponoe *X;A*o n* *6anaxa-cXoH*C*

%. 60%+40% .................. 43 51
40%4+60% .... ......... .... . . 54 :62
20%+80% ...... ................. . 67 "70

"7Alt.•'.1bnoe O TOnUfo •3 +•- coponoe uacno s3 Onusa-
rilitucxuori n 6Uaaxanox •ofi ne Tef:l

70%+36% ......................... 47 46,
30+70% ...... ............ ..... 55 67".

.CTnM +TsMaIlfl raofiai (aaTau1?3C•Coro xpexa"-
ra:

"e5% + 15% . . ... ........... 55 51
70+30%. . . . . . ...... 95

9%An~oabuore Tonamna At3+50% nersoro rsa*O-:1 Hi avanm eexeoro upemnnr . .. .. .. ... 35 "32
" raao9Rft cypaxancxoro + 50% muenoro raA-o-

Waaa&T&anmWCCoro RponUfra .............. 156 872

'I- 1 scaling abilities of the fuels taken for
mixing were listed earlier.

1) Composition of mixture; 2) scaling ability,
-mg/5 min; 3) calculated data; 4) experimental
data; 5) TS-l fuel + cracking kerosene; 6)
"TS-l fuel + solar oil from Balakhany petrole-
um; 7) diesel fuel DZ + solar oil from Bina-.
gadinsk and Balakhany petroleums; 8) cetane +
heavy gas oil from catalytic cracking; 9)
"50% DZ diesel fuel + 50% light gas oil from
catalytic cracking; 10) 50% Surakhany gas oil

.4". + 50% heavy catalytic-cracking gas oil.

It is indicated on examination of the results from the scaling-

ability determinations for the various groups of fuels that there are

large differences between fuels of one and the same group, For exam-

pie, kerosenes have a scaling ability ranging from 13 to 37 mg/5 min.,

"-"while those of diesel fuels range from 27 to 55 mg/5 min and those ol'
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so1lar oils from~ 39 ).o mhrg,~ Mwin.

To verify certain qualitative relationships of practical signifi-

canoe., investigations were conducted to ascertain the influence of ru-

el composition and certain fuel additives on scaling ability.

The results listed in Table 31 indica~te that scaling ability va-

ries additively in mixtures, i.e., the quantity of scale (in mg/5 mi)

obtained in determinations by the PZI method corresponds to the

amiounts figured arithmetically. This statement Is of great practical

importance in the production and compounding of diesel fuels. Knowing

j 7~-thi scialing- abi-litie's '-OP ~cmoet or fuels to be mixed,, we may

figure the scaling ability for the final product with sufficient ac-.

curacy. Moreover., this proposition may be employed in solving ques-

I ~tions pertaining to selection of the most desirable diesel-fuel comn-

I ponents.

It should be noted that this qualitative law applies only for _

fuels that do not contain additives.

The addition of the antioxidant additive tributyl phosphite (TBr)

to diesel fuel resulted in a sharp increase in the scaling ability ofIIthis fuel. For example., a fuel with 1.4% of sulfur had a scaling abil-
ity of 42 mg/5 min; on addition of 0.5% of the TBF additive, thi3 rose

to 47 mg/5 min, and to 162 mg/5 min when 5% of TB? was added.

The PZI method is sensitive to fuel additives; this provides a

.basis for recommending it for research toward the creation of addi-

tives that lower the scaling abilltie.% of diesel fuels. and kerosones.
7, $Evaluation of scaling ability_ of diesel fuels iisiE!& the 1Gh-12-_5/11

mar2inengne

On the basis of the PZI method cited above, M.S. SIirnov and O.P.

.I Yevdokimov developed a method for evaluating the scaling properties of

I diesel fuels using the I~h-.1O. 5/13 single-cylinder wAr~ine engine (261.
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Essentially, the method consists in

.installing a removable aluminum plate

(scaler) with an effective area of 64 cmns

on the piston head of the lOh-l0.5/13 en-I I./

gine, and a second aluminum scaler with a

"2\2 working-surface area of 3.8 cm2 on the

cylinder head (Fig. 63).

The scaling abilities of diesel fu-

"els as determined by this method are for

the engine's rated speed (1500 rpm) and

75% load. The oil temperature in the

"crankcase is held in the range 65 + 5O;

Pig. 63. Sectional draw- The cooling-water temperature is 55 + 50
ing of scaler installa-
tion on piston head (1) at the inlet and 80 + 20 at the outlet.
"and cylinder head (2) of -

0Ch-lO.5/13 engine. Every 15 minutes of operation of the en-

• -_ _ _5• t :

4 4

-tFig. 64. Diagram or' scaler- In-
stallation in Type ZIL-120 en-

igne. 1) oylinder block; 2)
gasket; 3) cylinder head; 4)
scaler receptacle; 5) nut; 6)

A.•. gasket; tennioning nut; 8)
scaler- 91 exhaust valve.*

glue , the scalers are removed and the quantity of scale formed on them

determined by weighing. The engine operates for a total of 2 hours.
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lie reauIts of the test are expressed in the

-" ,form of a curve indicating the change in the

* * quantity of scale on the scalers in

mg/cm2 . 10 2 as a function of the engine's op-

-,,erating time in minutes.

"",PV1 quick method for evaluat±ng scaling
"'A a b

ability of gasolines on full-scale engine

Fig. 65. Scalers. a) The essence of the method developed by

Clean; b) with scale. K.K. Papok and S.M. Livehits consists in

running, a 1-hour fuel test on a full-scale engine fitted with remova-.

ble scalers. Special receptacles (Fig. 64) are installed in the cy-

linder head of an automotive engine; these make it possible to in-

stall the removable aluminum scalers in the combustion chamber in

5 minutes without removing the cylinder head. The scaler weighs 24 g;

it has an involuted surface area of about 24 cm . The general appear-

ance of the scaler is shown in Fig. 6".

Q1 IPA

v, so - a •L ,

•~~ 
VWO.:

K.5

P. 66. In1uence of tail- Fig. 67. Influence of engine r
ingu fractio.no from thermal speed, load and effective
cracking on scaling ability power on scaling. 1) Scaling,
of direct-distillation k-56 mg/lO kg of fuel; 2) P=
automobile gasoline. 1) = 30 kg; 3) 700 rpm; 4) en-
Welght of scale, Wg.; 2190 gine power, hp; 5) rpt.
- 2050 F; 3) quantity of -

4 •ling fractions, ,.

After the 1-hour test of the fuel,-*the scalers a*-e removed and
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the scaling ability of the fuel expressed in mg is determined from the

change in their weight.

Together with A.A. Gureyev, we evaluated the scaling abilities of

various fuels in a Type ZIL-120 engine equipped with a K-84 carbure-

tor, using a 1-hour technique under the following conditions.

1. 55 min with a load P = 20 kg, n = 1600 rpm, Ne= 32 hp Gm

= 9 + 0.3 kg/hr, *O 20 to 220 before TDC.

- 2. 5 min at idle with n = 1000 rpm.

* The results of the tests indicated that direct-distillation gaso-

lines possess the least tendency to scale, while thermal-cracking gas-

* olines possess the strongest tendency.

A-56 automobile gasoline 25
A-70 26
A-72 * *". 13 1 :
B-T aviation gasoline ... .. . .. .. 9.
"B"70 +40% of benzene .............. 15
B-70O+ 40% toluene ...... . . . . . .. . .. . . . 7 . 17A56 +01% of ionn .............. 24
A-56 + 0. oti nene 0. ............. 2A 6 o.0 /•o - •0900.0.0.... .. •67
Thermal-cracking gasoline ...... . . . . . . ."48
Catalytic-cracking gasoline * . * . . . . . . 17
Direct-distillAtion gasoline . . . . . . . . . , . 7
Thermal-cracking gasoline with

initial boiling att
2l50 . . . . .. .a . . . . 50

1750 0 23
1600 0 0 . . . . . . 0 . 20

With increasirg content of thevxal-cracking gasoline in direct-

distillation gasoline, the scaling abIl ty of the mixture (in Mn/hr)

"rises..

Direct-dist"lled gasoline 7i--"
ODirect4-dlst-iled gasolIne + thermal-

.racking Vasoline:
80%+ 2 ... . • . . . .** - 16
-60%+ "r0%.... a*..*.sa a* 22 25
4,:t + 60%* ... .&• 30 34
20% + 80%. 39- 44

Thertnl-cracklng gasolineh 46 -9r,
.h-.,en tailing fractions om thermal cracking ae added to direc-

":.".236-
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distilled gasoline, the ten:cy of the fuel to form scale also rises

(Fig. 66)

Data from the quick "PL" method can be used not only to evaluate

"the scaling ability of fuels, but also to study the influence of va-

rious factors on scaling in a specific engine.

The series of short-term tests rin on a Type ZIL-120 engine op-

erating on A-56 gasoline and industrial oil 50 made it possible to

ascertain the influence of various parameters of the engine's operat-

ing mode on combustion-chamber scaling. It was established that as the

effective power of the engine increased at a constant speed or under

constant load, the tendency to scale diminished; here, scaling fell

off more sharply at constant load with increasing effective power than

at constant crankshaft speed (Fig. 67).

It will be seen from the figure that as speed increases from 700

to 1600 rpm with a constant load or effective engine power, the tend-

ency to scale diminishes. However, a further increase in engine speed

from 1600 to 2000 has no effect on scale formation.

The influence of the engine's temperature conditions, spark-ad-

vance angle, the composition of the mixture, and other operational

factors on scaling was studied using this test technique; the influ-

ence of motor-oil quality and oil consumption on this index was also

investigated.

The quick "PL" method may be used in research toward pei.fecting

* production and compounding techniques for new grades of automobile

gasoline for projected engines, for selection of the most efficient

tetraethjl-lead scavengers and for finding additives that assist in

reducing combustion-chamber scaling.

Foreign.Methods

Methods for indirect determination of scaling in engines are ex-
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tensively used in foreign practice. For

example, a technique for evaluating the

scaling abilities of fuels and oils based

on determining the required octane-number

** '5 increase or the variation of the frequency

6 of incandesoence flashes per unit time as

functions of engine operating time is used

widely.

Together with methods for indirect

Fig. 68. Diagram of investigation of scaling in the engine with
Galf two-cylinder lab-
oratory engine. I) In- long-term tests under controlled and oper-
sulated water Jackets
2) power cylinder; 3i ational conditions, various methods are en-
connecting-rod bear-
ing; 4) crankcase yen- countered in foreign practice for direct
tilation (exhaust); 5)
equalizing cylinder evaluation of fuel scaling properties in
(nonoperating); 6) e-
qualizing piston with- both long- and short-term tests.
out head and piston
rings; 7) crankcase Spindt and Wolfe [7) ran tests on a
ventilation (inlet).

:" A) Oil. two-cylinder overhead-valve Galf laboratory

engine, using a 40-hour test procedure under the following conditions.

Speed, rpm. .. ..... ........ 2500
Load, hp , • . • .............. 5.8 (nearly full

"load)
Ratio of air consumption to fuel consumption . 14
Spark advance in degrees before TDC • . • • • 30
Coolant temperature, o ......... . 32.2
Oil temperature, °C 65.6O''' il load, . . . . . . . . . . 500
Duration of experiment, hours . . . . . . . 40

The engine was equipped with a dual fuel system that made it pos-

sible to test two grades of fuel simultaneously (one grade in each cy-

linder) with the entire engine operating on one grade of oil.

The engine's cooling system permitted maintaining a specified

coolant temperature in each cylinder, independently of the fuel temp-

erature in the other cylinder.
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-In onducting the special tests, one of

the Chevrolet pistons of the Galf laboratory

engine was replaced by an equalizing piston

that did not have a head or piston-ring

grooves, as shown in Fig. 68. This labora-

tory apparatus was used not only to investi-

gate the scaling properties of fuels and

oils, but also to evaluate the role taken by
Fig. 69. Cylinder
head of modified CFR the fuel and oil in scaling and for research
test engine. 1) Fuel
nozzle; 2) scaler into the influence of coolant temperature
disk.

and other operational factors on scaling.

The tendencies of various diesel fuels to form scale was inves-

tigated by Hobson (271 using a standard CFR antechamber diesel with a

constant compression ratio of 17:1.

The fuel nozzle was taken out of its normal axial position in the

top of the antechamber and replaced with a plug having an interchange-

able disk - a sampler similar to the scaler in the PZI method. The

sampler was mounted flush with the inside surface of the antechamber

[Fig. 69).
The temperatures of the oil (91 - 960) and the coolant (990) were

held constant by means of immersion-type electric heaters. The engine

was loaded with a synchronous generator having a power of 900 rpm

• { (sic).

i }The engine was warmed up on standard fuel and then the fuel sys-

tevq was rinsed out with tne test fuel; this was followed by installa-

Iton of'k ~welghed sampling disk that had been cleaned with a wire brush -

to e br• t surfa, e, and the engine was restarted. After the speci-

"ied quahity of fuel (~300 g) had been, burned, the engine was stopped

-tha tsk removed for weighing and examination of .the deposits-- that---%
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had formed on it.

Tests were run with each fuel at various

feed rates ranging from the maximum to I-he"

,H minimum at which faltering began. According

4 to the author, the results of the tests were

- ". usually reproducible to within +5%.

During recent years, new methods of

,- testing for the scaling properties of fuels

S! and oils with the aid of radioactive indica-

tors have been appearing with increasing fre-

quency. Mingle and coauthors [281 proposed a
Fig. 70. Diagram of
installation of ra- radioactive method for investigating engine
dioactive sensor in
"combustion chamber scaling that reduces to the following. A spe-

. dof L-head engine. 1)
Side arm; 2) radio cial sensor on which the surface .facing the

" .a;tive sensor; 3)
radioactive surface; inside of the combustion chamber is covered
4) thermocouple.
Lines: I) Coolant with the radioactive isotope sulfur-35 or

',.," inlet; II) coolantoutlet; cobalt-60 is placed in the combustion chamber

of a standard CFR engine with a compression

ratio of 6.8 and an L-type cylinder head (Fig. 70).

The quantity of hydrocarbon deposits is judged from the lessening

' of emission from the radioactive surface of the sensor, as measured

with special instruments.

. The sensor is first calibrated by reference to standard absorbers

with known absorbing capacity.

Unlike ordinary methods for evaluating scale formation, this me-

thod does not require disassembly of the engine and makes it possible

to study the dynamics of the scaling process in the space of a few

hours instead of several, tens or even hundreds of hours, as is re-

quired when ordinary long-term test methods are used.
2- 2o -
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The method makes it possible to study the influence of fuel qual-

ity, additives, and engine operating conditions on scaling.

When cobalt and certain other radioactive isotopes are used, it
is necessary to observe industrial-safety rules and take special meas-

ures to protect the experimenters during the tests. Prom this stand-
point, research methods in which low-energy radioactive isotopes are

employed are of great practical interest.

Shore and Ockert [2] studied scaling in internal-combustion en-

gines by adding to the gasoline a small quantity of the hydrocarbons

that they wished to test after tagging the latter with radioactive

carbon. The authors characterized the tendency of the test hydrocar-

bon to scaling in terms of the ratio of the content of the hydrocarbon

in the scale to its content in the initial fuel prior to combustion.

They determined this ratio indirectly by the so-called "degree of en-

richmuient," which is the ratio of the specific radioactivity of the

test hydrocarbon in the scale to its initial specific radioactivity in

the initial fuel prior to the test. The higher the degree of enrich-

ment of the fuel-component investigated, the greater is its tendency

to form scale.

nThis method also enables us to ascertain the influence exerted on

scaling by various carbon atoms in the molecule. According to the au-

thors, the results are adequately reproducible. Sechrist and Hammen

(29] also used a low-energy P-radiator in their investigations; this

was carbon-14 with an extremely low activity level.

The specific radloactivities of the fuels that they tested did

8not exceed 10- millicurie/mg of carbon. They ran their tests on a

single-cylinder CYR overhead-valve engine with a special model VN-14

IMarvel-Schabler carburetor with a magnetic throttle control that

made possible positive adjustment of the engine's operating periodi-
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city in the variable mode. The tests were conducted during 48 hours

at 900 rpm by separate cycles: 150 sec at full throttle and 100 sec at

idle.

"The change in required octane number was determined in the

"course of the tests. The engine was partially torn down after the

"tests. The combustion-chamber components were rinsed with a small

quantity of isooctane to eliminate oil and loose scale. The wash liq-

Suid was then filtered and the residue weighed. The scale that had re-

%q•m mained on the components was also cleaned off after washing and its

radioactivity was evaluated.

Despite the difficulty of determining specific activity at such

an extremely low level of specimen rad~oactivity, the authors never-

theless succeeded in determining with an admissible range of error the

-' I extent to which fuels and oils of various compositions and origins had

* participated in formation of scale on the piston dome and cylinder

head.

The use of radioactive isotopes enables us to penetrate more

deeply into the scaling mechanism and the influence exerted by speci-

fie fuel and oil components and hydrocarbon-molecule structure on

scale formation.
VARNISH-FORMING ABILITY OF FUELS

..... .I.. .n operation of an internal-combus.-.

. { ."" tion engine, varnish deposits form on

the components and, aa we know, present

.. seriousdifficulties in operation. It has

•{K', : been established that the basic cause of
varnish foimation is the quality of the

Fig 1.ik.ti lubricating oil in the majority of cases.
-"•" Fig. 71. Disk with cups. "

Other factors also influence varnish fo.,-

- 242 -

*' .. . . . . . . . . ..' -"" '• • "...." ..... *-, 9-""• "" - ••• : U........ . . . . .. **.*.* .* .... *9****



mation in an engine.

It follows from the studies of Bouman [30), Gruse and Livingston

[31), Mougey [32] and Kadmer [33) that varnishing depends on fuel

quality under certain conditions.

Zuidema (34) notes in her book that diesels and spark-ignited

* -engines frequently operate under conditions corresponding to a mod-

erate set of temperature conditions. Under these conditions, the fuel

rather than the oil is the principal source of tar and varnish forma-

tion. The influence of the fuel on varnish formation in spark-ignited

engines is now a generally acknowledged fact.

In recent years, in connection with the appearance of new modi-

I fications to internal-combustion engines and the increased demand for

catalytic-cracking and sulfurous fuels, it is necessary to devote spe-

cial attention to the varnishing properties of the fuels.

The varnishing ability of a fuel is manifested when the thin

layer of fuel comes into contact with a hot metallic surface. Know-

ledge of this property is important not only for fuels intended for

internal-combustion engines, but also in all cases where fuel comes

into contact with heated surfaces.

The varnishing abilities of fuels have been studied by the fol-

lowing procedure [35].

Three cups 27 mm in diameter, 15 mm high at the rim, and con-

Staining the fuel to be tested were placed on an interchangeable disk

70 or 100 mm in diameter that had been heated to .the speoified temp-

erature In a standard varnish former (GOST 5737-53) (Pig. ii).

The fuel to be tested was poured into the ready-weighed cups in

1. the following quantities: 1 ml of diesel fuel, 2 ml of kerosene and
.::'. :: ml of gasoline in each cup.

tt:i ~The cups with the fuel were kept In the varnish forner until the :

.,1 --243* ..
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fuel had evaporated completely, after which they were removed from

the disk, cooled, and weighed. After weighing, the cups were again

placed in the varnish former at the temperature of the experiment,

S'." held there for 5 min, and then reweighed after cooling. This 5-minute

heating operation was repeated (usually 2 - 3 times) until the dis-

agreement in the averaged weight figures of the cups did not exceed

0.5 mg between two successive weighings. The arithmetic mean value

over three or two cups, as obtained in the last determination and re-

£ferred to 10 ml of fuel, was taken as the result of the experiment.

The maximum weight discrepancy between cups in a single experiment in

which as much as .10 mg of varnish was obtained did not exceed 1 mg, or

2 mg when more than 10 mg of varnish was produced.

The varnishing ability of the tested fuel was computed as the

arithmetic mean of two parallel determinations. The disagreement be-

"tween two parallel determinations did not exceed 2 mg.

"The investigations conducted by K.K. Papok and K.I. Bessmertnyy

"* '' " showed that the varnishing ability of fuels depends on their frac-

tional and chemical composition and may be affected when additives are

used.

Influence of Fractional Composition on Varnishing Ability of .Fuels

The influence of fuel fractional composition on varnishing abil-

ity is clearly evident in the example furnished by the products of di-

"%%%. rect distillation of petroleum: gasolines produced the smallest quan-

titles of varnish, kerosenes are more strongly inclined to form var-

.. nish, and diesel fuels form the largest quantities of varnish (in mg

per 10 ml of fuel).

"A-56 automobile gasoline ........... 6.o!JA-66 "9.0
"A70 " .0



DA diesel l . ... ...... 12r ,,,. . . . . . ' ' 60

DL " (S =1.24%) . . . . . . . . . .. 100

Solar oil from Surakhany select petroleum . . . 116
Solar oil from Balakhany oil petroleum . . ....

TABLE 32
Physicochemical Properties of Diesel Fuels

2 3 4 5 Oa,°omoa

l~iz9~ 64KO~ 7 8 9rI' I Ixm'- 13,,- J ..,I. --.

~Va ..... .. . . ... , , as= '
- - - -'" °Il - - 1- -nA

As1108TUUO

124k3 Ok iaue

cxoro XpOMuuj),
* ~aaOA., ,47 4.35 M, 220 241 2W 316 344 &V5 65

cicoro KPOuur,)
"o0p6GP = .. A. %877 4,5 125220 M•22W 320 347 80 -- 85

1406PMA i3 .. , ,86 542 1.4. 17 228 275 331 360 - A 935 ,

%L5HH8. 0paseq A 4 0.88 U, - 225 2.48 296 3M . 143.

L6P&3ez5 AS 0,45 642 1,18185.230 280 33980% 3-l- - 0 o
"71.,,,.,.o .... W ,39 0I3 t5 1M7 216 IM l - -- 23

1&qC (FOM47&0.4) 0-730 5W8 %U2M 20350 276 31$ 334 77,6 - 60

CeaaPOMs vMAcOX 19 03%

20n, MAuc"o I ,'
601i'A 114T.,40,, 4 5.24 -1 872 270 330 36 - 118

•l. a,,o,, -,+ +J+I Isa 84,I I - lp

UU *A3L.M 27.74 - 300 307 M3 365 - - us.4

I) Fuels 2) density, P2 3) viscosity v2 0 , centistokes; 4) sulfur, %;
5) fractional iompositioni 6) initial boiling; 7) below 300; 8) below

350; 9) final boilizag; 10) varnish, mg per 10 ml of fuel; 11) diesel
fuel; 12) W2 (cata.ytic cracking), specimen No. 1; 13) NKZ (oata-
lytic cracking), apecimen No. 2; 14) specimen No. 3' 15) NKZ, specimen
No. 4; 16) specimen No. 5; 17) sulfur-free; 18) DS tGOST 4749-4g9) 19)
solar oil; 20) from Surakhany select petroleum; 21) from Balakhany oil
petroleum.

The influence of fractional composition on varnish formation

came most clearly to the fore in the test of the 20-degree fractions
_ of varlious diesel i'kels, the physicochemical properties of which are

listed in Table 32. The Luela were subjected to distillation in ac-

," ' cordance with GOST 1529-42.

2•2I5-
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As the fractions become heavier, their varnishing ability rises "

sharply (Fig. 72). The residual fractions have a particularly strong

"tendency to form varnish. From this we may conclude that as the frac- "

tional compositions of the fuels become lighter, their tendency to
form varnish deposits will diminish.

Influence of Chemical ComRposition on Varnish-Forming Ability of Fuels

.DS diesel fuel (start of boiling

-2------------2380; 90% at 3170) is somewhat heavier in

I fractional composition than polyalkylben-

- - -. 5) zene (start of boiling 1520; 90% at 3150)

- '" " but in spite of this polyalkylbenzene has

,2 - a varnish-forming ability several times as

1- great. For example, the varnish-forming

"ability of polyalkylbenzene is 300 mg at
t780- ablt
A - 1  2500, while that of diesel fuel is 60 mg.

40 - -- This fact indicates beyond question

-- that the influence of chemical composition
XOZ10"2E0 210• 317'0 3J0 varis"i

ZZi4O zz• .8 .•iu • on varnish formation is being manifested -.

,-20-w?!,e#*r, 4,O'? in this case. The dependence of varnish

Fig. 72. Varnishing a- formation on fuel chemical composition has
bility of 20-degree f "c.

"fractions of diesel fu- also been confirmed in other experiments.
els. 1) Diesel fuel NKZ
(S 0.9%); 2) diesel

* *.- fe N (8 9%, .2)5diese It was found in an investigation of3)e diesel fuel- 1.25
3 Dsolar oil from Surak- various groups of hydrocarbons isolated
hany select petroleum; chromatographically by M.S. Borova from
5) solar oil from Ba-
lakhany oil petroleum. diesel fuel L and Baku catalytic gas oil
A) Varnish, mg/lO ml of
fuel; B) distillation that the aromatic fractions poase8s
temperatures of 20-de--
., ee fractions, o~C. stronger varnishing abilities than do the

paraffinic-naphthenic fractions "Fig. 73),

It is necessary to remember that the varnishIng ability of a fuel

a-- .. . . . . . . . .4 -L



does not necessarily parallel Its scaling properties, which are mani-.....

fested when the fuel burns. A fuel that is stable to oxidation in a

thin film may be inclined to form a large quantity of scale on combus-

tion and, conversely, a fNel that is not dangerous from the standpoint -

*of soaling may be extremely dangerous as regards varnish formation.

We may refer to the following data for

40 O0 - - ..... an example. It is known that c-methylnaph-

"thalene forms more scale on combustion than

. does cetane, so that the scaling ability of

-. - the mixture increases with increasing content

2..... - of ci-methylnaphthalene in it.

1I00 - - - As regards varnish formation, however,A *
we observe the converse relationship: with

170 135 210 Z50 25070 increasing content of a-methyinaphthalene in

mixture with cetane, the varnishing ability
Fig. 73. Varnishing
abilities of various of the mixture diminishes. Consequently, when
groups of hydrocar-
bons. 1) Diesel fu- the fuel is oxidized in a thin film, the ce-
el T, (GOST 305-42)
2) paraffinic-naph- tane will represent a greater danger as re-
thenic fraction of
diesel fuel L; 3) gards varnish formation than will the a-me-

Saromatic (heptane)
fraction of dicsel thylnaphthalene.
fuel; 4) paraffinic-
naphthenic fraction Influence of Additives 1n Varnish-Forming
of Baku catalytic
.,as oil; 5) aromatic Ability of ftels
'heptane) fraction
of diesel fuel. A) Varnish-formation curves were recorded
Varnish, mg/1O ml of
fuel; BS temperature, for two diesel fuels with sulfur contents of-

.4 CC.
1.18% and 0.3% without additives and with

YF•i-I6 additive In the temperature ratge from 170 to 2500. The physi-

V7 coohomical properties of the fuels (specimen No. 5 and a specimen of

*. sulfur-free diesel fuel) are listed in Table 31. The PCh-16 additive,

,. which is composed of phenols extracted from semicoking products of

4- 27 -
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40 1Q (2
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*-"-*-- , 2

I C-. -- l

170 W50 210 2JO9 20 0
B rfAtntpaImYP'. BC " I7plucAuo T60. 9.

* -';. Fig. 74. Variation Fig. 75. Varnishing
of varnish-forming ability of fuel with
ability of fuel on tributyl phosphate
addition of FCh-16 additive. 1) Diesel
"additive. 1) Dies- fuel (S = 1.4%) + TBP
el fuel (S = 1.18%); additive; 2) NKZ
2) same + 0.05% of diesel fuel + TBp ad-
FCh-16 additive; 3) ditive. A) Varnish.
diesel fuel (S = Ig/10 ml of fuel; )

0.3%)i 4) same + TB? additive.,

%: 0.05 of FCh-16 ad-
ditive. A) Varnish,

4 m9/10 mJ of fuel;
. B) temperature, °C.

coals, is used as an antioxidant for various fuels.

Use of the MiF-16 additive with either sulfur-oontaining or sul-

fur-free fuel reduced the varnishing ability of the fuels; here, var-

.aish formatioLn was reduced in the temperature range from 170 to 2100

f for the sulfur-containing fuel, the additive showed little effect

above 210, and the sulfur-free fuel responded less strongly to the

additive. In this case, however, varnish formation was reduced ovr a

wider temperature range - namely fiom 190 to 250& (Fig. 74).

The additive tributy', Phosphite [sic] was found particularly ef-

fective; on additico of 0.1 to 0. 5% of this material to sulfur-.on-"

-248-C. * * 4 4 .o-** , .
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taning fuels, their tenency to forn, varnish dropped sharply (from

104 - 143 to ?6 - 28 mg/lO0 ml of fuel). On a further increase in the

"additive concentration in the fuel, the quantity of varnish begins to

increase (Fig. 75), but even at a 5% additive concentration it is

still far below its original value.

It must be remembered that although tributyl phosphite is a use-

ful additive as regards reduction of varnish formation, it is ex-

tremely dangerous in large concentrations from the standpoint of seal-

ing.
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4 Chapter 9

NONHYDROCARBON ADMIXTURES IN PETROLEUM AND PETROLEUM PRODUCTS

NONHYDROCARBON ADMIXTURES IN PETROLEUM

Depending on the petroleum deposit, the refining methods, and the

conditions of storage and utilization, various quantities of nonhydro-i

carbon admixtures can be detected in the composition of petroleum pro-.

"ducts. In general, the quantity of such admixtures is not great. How-.

ever, with the. continuous improvement in engines and fuel equipment,

these admixtures have an ever increasing negative effect on the quality

of the fuels and oils (lubricants). On the other hand, certain nonhy-

drocarbon admixtures in petroleum and petroleum products can serve as a

great source of new chemical compounds that has not been used to ,he

present time, and these compounds, if extracted, would doubtlessly play

an important role in the national economy.

* All of the nonhydrocarbon admixtures detected in petroleum products

"can be divided into the four major groups:

.1) sulfur compounds;

2) nitrogen compounds;

3) oxygen compounds;

4) admixture:; conta ining "ash" elements.

Suliur and nitrogen compounds axre carried into fuels and oils from

a petroleum subjeat to conversion as a result of the refining tech-

niques employed. The occurrence of such compounds is not uniform in the

hydrocarbon fractions. They are predomimntly concentrated in the h±gh-.

boiling and residue products.
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This same relatior~hip i t for oxygen compounds, with the ex-

ception that the content of such compounds may increase noticeably as a

result of the oxidation (by the oxygen in the air) of the less stable

components of the petroleum products during their production, storage,

and utilization.

The unstable components include not only a certain group of the

hydrocarbons whose tendency to oxidation is great, but certain nonhy-

drocarbon compounds as well: sulfur, nitrogen, and oxygen compounds.

The capacity of the majority of these compounds to react, their tendency

to oxidation, as well as their tendency to consolidation or as is some-

times said, resinification, is great.

Consequently, the initial content in the petroleum products of

sulfur and nitrogen compounds will not increase, whereas under certain

"" temperature conditions the quantity of these compounds may diminish as

a result of the conversions which take place with the liberation of

, volatile compounds. The quantity of oxygen compounds can increase

through formation.

The admixtures containing "ash" elements will be composed of the

products of the corrosion of equipment, tanks, the metals of the engine

fuel system, and the contamination which penetrates the petroleum pro-

ducts during the processes of storage, transportation, and utilization.

Compounds with "ash" elements contained in the initial petroleum are

concentrated almost entirely in the residue products (mazout, "gudron"

[petroleum asphalt], and bitumen). The quantity of volatile compounds

%%% with "ash" elements is negligible.

In the more typical petroleums, we generally find the following

in the form of nonhydrocarbon admixtures (in %):
isulur . . . . . . . . 0.05-5.0

nitrogen.. . . ... 04.0
"",ash . . . . . . . . 0.0021-.038
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TABLE 33
Content of Sulfur, Nitrogen, and Oxygen in Pet-
roleum-Refining Products

1 Cpe• "3cnoae- . Co~epwanst, %

4 JAo 200 1-50-200 0.02-0,50 6 Cxeu •ez
200-350* 200-250 0,04-1,50 0,0i-0,2 0,01--%0,5

5 Bume 325 250-400 0,30-4,0 0,05-0,4 0,7-•.5

1) Fraction; 2) mean molecular weight; 3) content,
"%; 4) below 2000; 5) above 3250; 6)traces.

Depending on the geological conditions of petroleum formation, the'

content of nonhydrocarbon admixtures may vary markedly.

The molecular weight of sulfur-, nitrogen-, and oxygen-bearing corn-

pounds is generally close to the-molecular weight-6f the hydrocarbons

which they accompany. In terms of structural variety, they are on a par

with the hydrocarbon mixtures. The multiplicity of these compounds and

"the similarity in structure between the hydrocarbon radicals to the

structure of the basic hydrocarbon composition of petroleum products

serve as an explanation for the difficulties which arise in separating

the nonhydrocarbon admixtures (particularly the sulfur and nitrogen com-

pounds) from the basic hydrocarbon portion of fuels or oils. At the pre-

sent time, particular attention is being devoted to the development of

efficient separation methods.

We can Judge as to the manner in which the nonhydrocarbon admix-

.. tures are distributed in the petroleum-refining products by examining

the limits of sulfur, nitrogen, and oxygen content presented in Table

33.

We can torm an opinion a& to the content of nonhydrocarbon admix.

tures In petroleum-refining products on the basis of the following cal-

culation.

In a contemporary petroleum diesel fuel in which a sulfur cont'n.'
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of up to 1% is toleratedc, soi!-e 7.5% will be made up of sulfur compounds
having the same molecular weight as the hydrocarbons in the fuel, with

only a single sulfur atom per molecule. In this same fuel, given the

earlier conditions and an oxygen content of' 0.5%, there will be more

than 3% of oxygen oompoundjs given a nitrogen content of 0.2%, there

will be some 1.5% nitrogen compounds. Consequently, a standard diesel

fuel will contain some 12% nonhydrocarbon admixtures, not counting the

compounds with the "ash" elements.

NONHYDROCAlBON ADMIXTURES IN VARIOUS FUELS

Let us examine in general form the distribution and composition of '

the nonhydrocarbon admixtures in the petroleum-refining products.

Table 34 shows the content of sulfur in the distillates obtained

* from certain sulfur aid low-sulfur petroleums.

It is assumed that in the gasoline and ligroin direct-distillation

distillates, the hydrocarbon radicals of the sulfur compounds have a

predominantly aliphatic structure. Radicals of cyclic structure predomi-

nate in thermal-cracking and high-boiling direct-distillation fractions.

In this connection, the aromatic portion of the distillates of many

petroleums contains the basic quantity of sulfur compounds and it can

therefore be des'gnated, with full Justification, as a sulfur concentrate.

The data presented in Table 35 illustrate well what has been stated

above.

Satisfactory gasolines and ligroins can be obtained from the greater

part of the high-sulfur-bearing petroleums. Kerosenes and diesel fuels,

satisfying the sulfur-content standards, are adequate without additional

*. purification only in the case ol' low-sulfur-bearing petroleums.

As an example, Sable 36 shows data on the maximum permissible sul-

"fur content in petroleums for the derivation of commercial products

meeting specifications. It is easy to see that in terms of sulfur con-
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TABLE 34
Distribution of Sulfur in Petroleum-Refining. Products
"[l1, 2)

1 He¢• 2 Coeppmaune eopm (a % nec.) no a$atmfl0 TemnepaTYpoI X110e1nU,

3 1 co3epwfnne 13 14

M"'COPORMOHO enuo %e AO 200 150-300 200-30bm30see.

5 Ctphuscmae.
N.MI 0 iflhnt~6c1oe 2,J7-4,32 0,43-0,95 1,07-2,10 1,90-2,05 2,85-4,08

7 TYf.aalic• 1,47'-3=23 0,09-0,32 0,72-1,90 0,90-2,20 2,2Ai,"" " 8 i;.'.,py'cIaa.-
CR"O . .... 2,70 0,58-0,92 1,53-•1,72 2,0 145-3,77.

0,45 0,065 0,109 0,0
"1II2' .UC8Moe 0,006 0,032 0,27"••"121 Pwu.esmoe 0.X 0.04 0,03 0,06 05

1) Petroleum; 2) sulfur content (in % by weight) in
the fraction having the following boiling point, C;
3) deposit; 4) sulfur content, % by weight; 5) sulfur;
6) Ishimbay; 7) Tuymazy; 8) Buguruslan; 9) low in sul-
fur; 10) Malgobek; ii) Apsheron; 12) Groznyy; 13) below

, 200; 14) above 300.

TABLE 35.
Content of Sulfur in High-Boiling
F-ractions of Uzbek Petroleum (3,

2 COAOPMaNUS cepH, % Rea.
all Y*ata~enx"ncxQ"u yr "e/oAopoao"

300-M" 4Ol 0,t8
50--400 5,5

40o-450 3,60 04.....0-500 5,. . 0

0

1) Boiling point of fractions, c ;
2 sulfur content, % by weight;
3) in initial fraction; 4) after
removal of aromatic hydrocarbons.

tent there are various requirements imposed on petroleums, depending on

the commercial product to be derived.

- :The various requirements with respect to the maximum sulfur content

in petz'oleums serve as the index for the derivation of products which
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, TABL' -)6

Maximum Permisslble SulJ-.ur Content in Petroleums
for Derivation of Commcacial Products Meeting
Specifications [4]

2. 3AOYTI o. oPPMoo L

COPPR1(~UHU"""po• upAx nopm 4•, B 3~xAIA.." •Xo,,-u. ~on•m I .pu uo '
UNA Bone-

".7 •A nan ufk onn 6ful .6.3. .. ... 0,05 1,0 2,1 2,2
.Amuoftouxabut,bar Oenaa ... . ... 0,10 1,8 2,9 3,7

,| epocn................ .. ~ 0,13 0,5 0,54 0,62
.lel~ . . . . . . . . . . . . . 0,.11 , 6

'To ace .l.o.e ........ . . 1..0 2, .1.60

1) Commercial products; 2) sulfur-content stan-
dards, according to specifications, %; 3) per-
missible sulfur content in petroleums, %;4)

4 USA; 5) Venezuela; 6) Near (Middle) East; 7)
aviation gasoline; 8) automotive gasoline; 9)
kerosene; 10) diesel fuel; ii) the same.

correspond to the requirements imposed by the GOST [All-Union State

Standards] or specifications and they are functions not only of the

sulfur content but of the composition of the sulfur compounds within

the petroleums as well. A portion of the sulfur compounds, under the

conditions prevailing in petroleum refining, will become subject to

destruction with the formation of easily removed gaseous hydrogen sul-

fide or similar low-molecular compounds. The greater the quantity of

- stable sulfur compounds in the petroleum, the more extensive their par-

* .,ticipation in the commercial products.

This study of the individual composition of sulfur compounds is

connected with a great many difficulties. Nevertheless, investigations

conducted over many years in this area have been crowned with a certain

measure of success. At the present time, a great quantity of sulfur

compounds is being extracted from and identified in petroleums and

petroleum product~s.

It is somewhat easier to undertake the investigation of the group
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composition of sulfur compounds. By group we mean the compounds with

hydrocarbon radicals of various structures having a common identical

structural sulfur distribution. The group-analysis methods have not yet .'7'.

been fully perfected. They do not exhaust the great variety of accom-

panying compounds. As a result of such an analysis, there remains a

substantial portion of the sulfur compounds which cannot be referred

"to one of the identified compound groups.

Despite this fact, group analysis of sulfur compounds yields some

idea as to the composition of these compounds.

The presence of sulfur, hydrogen sulfide, mercaptans, sulfides,

thiophanes, and thiophenes has been firmly established in petroleums

and petroleum products.

Elementary sulfur (S). Formed in distillates as a result of the

"thermal decomposition of sulfur compounds having a more complex struc-

ture. Elementary sulfur is extremely corrosive when in contact with

copper and Its alloys.

Hydrogen sulfide (H2 S§. May be present in free state in petroleum

and it may be formed in the thermal decomposition of more complex sul-

fur compounds. It is extremely corrosive in contact with ferrous and

nonfer'oua metals, particularly in the case of copper and its alloys.

With iron, it forms ferrous sulfide whose conversion products exhibit

"i' pyrophoric propex'ties. Commercial products must be completely free of

hydrogen sulfide.

-1.captans (R- SH). Reaetion-capable compounds which tend to oxi-

dation, consolidation, and interaction with nonferrous metals, partlcu-

"larly copper and Its alloys, and eadmium. In the presence of the mer-

captans, the fuels have an unpleasant odor; the solubility of oertain

plastic materials izcreases in cuch fuels. The a3ct~vity of the me,,cap-

tans varies and is determined by the structure of the hydrocarbon -
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The content of, 15er cpta,> .. uel. is strictly 'limited.

Sulfides (R - R-S. The reaction capacity and corrosive acti-

vity of the sulfides increases wLIth temperature.

Di- and polysulfide5 (R - S - S ... - R'). These exhibit a tenden-

•y to consolidation with the formation of tars whioh are separated from

the fuel in the form of a second phase. With an increase in temperature,

the corrosive activity of these compounds increases.

Thiophanes and their homologs

"With an increase in temperature, given the catalytic influence of

metals, particularly of copper and its alloys, these compounds are sub-

*. Ject to extensive conversion with the formation of tarry (resinous)

substances.

Thiophene and Its homologs

are included among the most inert and stable sulfur compounds.

"F ... Table 37 shows the group compoaltion of sulfur compounds in com-

mercial fýcls boilinS within the lU, in-kerosene-fraction range.

The data in the table do not provide a complete picture of the

chemical structure of all the sulfur compounds. Unsaturated sulfur com-

pounds may exist in the fuel, as may certain of their oxides and, pos-

sibly, extremely high-reaction-capacity structures which will also par-
tietpate in the formatiAon of consolidation product3 in the fuels and

*- intensify the corrosive ,ictivity of the compounds.

Nitr'ogon compounds csv be detected In substantially smaller quan-
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XfTABLE 37
Composition of Sulfur Compounds in Fuels [5]

S2i||npoas neperomx m xpexnar ...

S' II" I"Vr,, I,,t II,,
4 C •epMOnne Cepil, 3 Ton1an-

Ba+. ex, %++-•-pe . ; .o-... , 0,219 0,220 0,17-8 0,941 0,647 0,%5

5 ¢•mcoemekucmuz

6 ýJepMT&HU ..o . .. ....... 3,26 M8,53 23,63 2,35 0,67 9,57 1,18"7 •,,ua-n.,:"

darannTaWn'ec n5e....... 51,10 47,50 20,50 63,00 M4,25 32,80 13,60'9 apouaTfl~eCRfe ...... 8,15 He? 7,08 8,97 31,20 40,80 35,20
LUncymn, ........ .. 2,97 14,80 9,74 14,00 HeT 8,10 0,2

'n3meiaemu-e p•ymio . 4,72 9,20 15,98 1,68 266 0,83 7,70

.te0teapuax cepa 2,38 2,96 0,20 1,68 He o7pej9e0naac0
_14H eue•tem•apna cepa . . . 29,80 9,97 17,07 ge51,22 1 790142010 t oo,0o to

17 Bcero Io. 1 0otoooo oo 1oo to co100

1) Indicator; 2) direct distillation; 3) thermal
cracking; 4) sulfur content in fuels, %; 5) com-
position of sulfur compounds %; 6) mercaptans;
7) sulfides; 8) aliphatic; 95 aromatic; 10) di-
sulfides; 11) extracted by means of mercury; 12)
including; 13) elementary sulfur; 14) underterý-
mined sulfur; 15) not determined; 16) none; 17)
total.

tities than sulfur compounds in petroleums. It may be for this reason

that these nitrogen compounds became of interest only in recent times,

in connection with the development of catalytic processes of petro-

"le•u• c,'ritinG and as a result of the increased requirements imposed on.

petroleum-product stability. It has been established that the nitrogen

compounds in petrolewn reduce the activity of the catalysts and inten-

'ify the resinification of the petroleum productt.

Neutral and basic nitiogen compowido can be distinguished in pet-

roleum and in petroleum produets. Basic among these are the nitroeen com-

"pounds which can be extracted by acid-solution processing. The portion

of the compounds 4phat cannot be extracted in this manner are clas:iCfie

as- neutral.
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In this cae, the b;,t.city of the nitrogen compounds does not cor-

respond to a rigorous chemical concept, since the thoroughness of their

interaction with the acid may vary as a function of the chemical struc-

ture of the molecules.

In the light petroleum fractions there are no nitrogen compounds
% 7.,

or they can be detected only in negligible quantities. With an increase

"in the boiling point of the fractions the nitrogen-compound content in-

creases. For example, in the fractions of the sulfur-bearing Romashkin

petroleum, said fractions boiling over in a range from 300 to 3500, the

quantity of nitrogen amounted to 0.03%; in the range between 350 and

" .5500 and above 5500 the nitrogen content was, respectively, 0.05% and

"wwA .0.25%; in the tars the nitrogen content came to 0.64%. The fraction

of the basic nitrogen with respect to the total nitrogen in the petro-

. leum amounted to 28%, and in the fractions boiling over within a range

of 175 to 3000, 300-3500, ard 350-55 0 °, the ratio between the basic

.: ""nitrogen and the total nitrogen in the petroleum amounted to, respec-

* tively, 100%, 83%, and 70%; in the fraction boiling over above 550°,

-, | this ratio amounted to 30%, and it was 24% L'• the tars [61,

There are many data which confirm the nonunifom distribution of

"nitrogen compounds in petroleum-refining products. IL was established

that with an over-all content of nitrogen in the Dagestan petroleums

* of 0.14-0.16%, 26% of nitrogen remains in the oil frmctions, and 60%

S.of nitrogen remains in the tars removed with silica gel; 14% of n-d-

trogen renvm s in the aspaltenos.

The mixture of nitrogen compounds evolved from.-th•se petroleums

exhibited the following aharacteristic (7].

Specific we igt . .... . .. I....... 0241
Molecular weight 20* * ***** 250

-, 4**...*** ..... .4 .. .'. . ."" * *" * "'.

Refractive fIndex n . . *5.. Boiling, point, °C . . .326 - 340
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Elementary composition, %:•'C 0&482.92
i'.,H 9 * &961

C . . . . 0 . . . . . . . . . . .0 0 • 0 .* 1.4

The presence of sulfur and oxygen should be attributed to the ac-

companying admixtures in sulfur and oxygen compounds.

Primarily three groups of basic nitrogen compounds can be distin-

guish~ed in petroleum products.

I. Pyridine derivatives I

II. Qu.&~lne derivatives

III. Isoquilil~e derivatives

The presence of small quantities of aromatic aminet is possible.

Aliphatic amines have not been found.

Some 85 individual nitrogen compounds, basic in natur [81, have

been extracted from petroleums to the present tS. . Nooibe,•ic compo•uds

have not been thoroughly studied. dypothetically, these include primar.

- ily the derivatives of pyrrole

and the nitrllea (oompounds containing the cyanidtt grout, C j i) etc.

qulnollne 41s subJeat to condensatiorn with the breakng of the ring only
,. a.a a00 and here a 1wavy res.due ±• reznd. The iaoqu±oline alao re-

T .+ actoe, but sommewhat more rapidly [9J.

4..*
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Their derivatIives, depending on the structure, possibly may react

.at an even lower temperature; however, for us it is important that this

process take place with a formation of a new and more consolidated mole-

cule.

Oxygen compounds of petroleum products havc not been studied to

any great extent: although their quantity may increase and attain con-

siderable magnitudes, depending on the various factor. involved. These

factors include: 1) the compounds that are present in the initial crude

(raw material); 2) the compounds newly formed in the refining of the

petroleum; 3) the products of the oxidation of the hydrocarbon and non-

hydrocarbon portions of the commercial product under conditions of stor-

age and utilization.

Oxygen compounds should also be distinguished in terms of the ex-

tent of the oxidation conversions as a result of which they were formed.

As is well known, the oxidation of organic compounds in the liquid

phase involves a multistage process and these processes develop in ac-

-," cordance with the laws governing branched and degenerate chain reac-

Stlons. As a result of the fact that in a hydrocarbon medium a substan-

tial quantity of oxygen compounds may exist - the products of ".he sub-

sequent conversions, beginning with the primary structures having a

molecular weight close to the compound being oxidized, all the way to

the flnal struatures that do not experience change under the given con-

ditions.

The slriplest initial products of the oxidation will easily be dis-

tilled with the petroleum fa'actions, spreading among these. The most

. complex fMnal products of the oxidation iwd their consolidation will be

charactev! zed by a high molecular weight and in the distillation of the

: ,+''. petroleum fractions they will be concentrated in the residue.

It can be asaumod that in the sequence of oxidization conversions,
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the following groups of oxygen compounds are formed.

1. Peroxides of the ROOH or ROOR' type, present in extremely small

quantities; these are subject to further conversions.

2. Alcohols and phenols, characterized by the OH group. These com-

pounds are quite stable and will represent a substantial portion of the

formed oxygen compounds.

3 Compounds with the carbonyl group

-C9 0:o _-c-
H 0 r C

This is a small quantity. In terms of their chemical nature, they t

tend under certain conditions to further conversions: condensation,

polymerization, and oxidation.

4. Acids characterized by the following group:

0

OR

Most frequently the quantity of these does not exceed 2-5% of the

enttre qumatity of oxygen compounds. Acids are extremely stable at com-

pa•ntively high temperatures. They are rgarded as corrosively aggressive.

" ," However, this is \alid only for compounds of low molecular weight. The

"higher the molecular weetght of thiŽ a-cldi the lower their -orrosive ac-

tivity.

It should be stressed that the acidity of the petroleum products

does not offer awy idea as to the entire quantity of oxygen compounds

contained In petrOleta_-z and In the ptroducts of PetroleumM roitinVgin

5. SeWInNLotiorzl oxygen cOmpounds (oxy acids, keto aelds and for-

,." aldehydos), condensation products (esters), and Polymerizaton and con-

t olldation products of different type*. All of these co•poundl appear ar

a eVzult of side processes whIch develop during oxidaetion, r-,4 W 1 '1"n
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tensity is deteL-mined by tihe chemical structure of the material being

oxidized, the temperature conditionr, and the time and catalytic a.-

tivity of the metals in contact with the fuel or oil.

Oxidation products may also be present, and these are characterized

by two identical functional groups such as, for example, peroxides, al-

cohols, phenols, acids, etc.

With the development of the chromatography method, it became pos-

sible to separate oxygen compounds from the hydrocarbon mixture. The

investigation of oxygen compounds In commercial fuels, boiling over

within the range of the ligroin-kerosene fractions, demonstrated that

75-85% of The entire quantity of oxygen compounds is distilled in a

vacuum. The overwhelming part of the oxygen compounds is characterized

by the hydroxyl groupz "Lcohols and phenols) and has the structure of

amn aromatic ring with side unsaturated. chains [10].

*) Hence it follows that the lee.s'v stable hydrocarbons of these frac-

* tions,subject to oxidation at the temperature of the ambient air, are

*' the olefinic-aromatic hydrocarbons. These underwent oxidation with the

unsaturated bonds preserved.

Aliphatic-structure compounds with two or more unsaturated

bonds and to some extent the unsaturated naphthenes should be included

. among the extremely unstable hydrocarbons that exhibit tendency to oxi-

dation under the "soft" conditions which may possibly prevail in con-

temporary commercial petroleum products.

The fourth group of nonhydrocarbon admixtures includes the com-

0. pounds with "ash" eL.-ments.

The presence of admixtures cannot be tolerated in fuels nor in oils.

Consequeatly, we are dealing here with microquantities of these com-

pounds whose presence cannot oe established in the fo.,?m of a second

solid phase detectible to the naked eye in ordinary l:.ght.
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At the same time, these quantities, as will be demonstrated in

the following chapter, may produce negative consequences under the con-

ditions prevailing in the utilization of petroleum products. The basic ...

mass of mineral admixtures in petroleum is concentrated in the residue

products as the petroleum is refined. For example, research in the maz-

outs of numerous petroleums has shown that the concentration of oxides

and sulfur in the "ash" portion of the mazouts varied within the fol-

lowing range (in % x l0-4) 1111.

Na 0. . . . . . . . . 2-320
S0- vo2- 550

CaO ......... 0 - 250
NiO . . . . . . . . . 0- 300
Mg0 . . . . . . . . . 0- 30

... .... F. --. .. . -2 3502 3
Sio ......... 0- 275W4 2
A1 203  . ....... 0- 50

<.)P .. . . . . 0 - 15
20-5

"Sulfates ....... 0 - 450
Sulfur... ... . . 5000- 30000

It is assumed that such elements as Al, Ca, Mg, Si, and Na are

present as complexes or salts in the form of suspensions or solutions

in water; Fe, Ni, and V are possible in the form of porphyrinic com-

plexes in the petroleum.

In order of diminishing petroleum ash content, the elements can be

classified as follows [12]: S, 0, P, N, V, K, Ni, Si, Ca, Fe, Mg, Na,

Al, Mn, Pb, Ag, Au, Cu, U, Ti, Sn, and As.

Hence we can see that a substantial portion of the sulfur and oxy-

gen in the petroleum products can be presented in the form of *a com-

pound with the 'ash" elements.

The prevention of the corrosion activity of the residual fuels is a

function not only of the existing sulfur, but also of the detected comr-

poinds in the ash: Na2SO4  ... S0, ... S3 .. 02), NaVO3, the comp:,l'-
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Na20V 2 04  5V20 5 , of oxygen, V205.5 and of the system Na2So - V205 ,

":and it - the prevention of the corrosion activity- presents a serious

S• problem to whose solution much effort is being devoted (13].

However the negative role of the ash elements is not limited to

their corrosion activity. By means of radioactive tracers it has been

established that after the distillate diesel fuel has been replaced

with heavy fuel (containing the residual products of petroleum refining),
the abrasive properties of the spent oils (lubrlcants) increased as did

the wear on the cylinder casings [14].

Compounds with ash elements accumulate in the distillate products

of petroleum refining as a result of the corrosive dissolution of the

tanks, the tubing, the pumping facilities, and the fuel systems of the

engines. Moreover, dust from the atmosphere and mineral impurities of

water will penetrate into the fuels and oils in the presence of water.

In this connection, the composition of the ash elements varies.

As an example let us cite the composition of the ash contained in

the TC-1 fu& that is subjected to hydraulic purification. The quantity

of ash that remains after the combustion of such a fuel is not very

great, amounting to 0.85 mg/i as against the completely acceptable quan-

tity 0.005%, or about 40 mg/1 (GOST 4138-49).

A spectral analysis of this ash showed the presence of 3.0% Na,

2.5% All 6.5% Fe, 10.0% Ca, 11.0% Mg, 12.5% Si, 2.0% Zn, 2.5% Pb, and

other elements as well. It is quite clear that this ash composition is

determined by the products of the corrosion of the metals and the con-

"tamination that penetrates into the fuel from without.

* I•, The removal of these impurities is possible by the fine filtration

of the petroleum products.

However, the removal by filtration of particles having dimensions

of 1-30 p is an extremely difficult problem. In the literature, we can
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encounter statements to the effect that it is necessary for this pur-

pose to employ electric filters [15].
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,•...',Chapter 10

•i•• :"TARS AND SLUDGE FORMATION IN HYDROCARBON MIXTURES

TARS

Under the conditions of prolonged storage, many fuels give trou-

"ble in the form of excessively rapid tarring. In this process, the

bulk products acquire a dark coloration and viscous tars that are ex-

Stremely difficult to remove fall to the bottom of the tank. In the en-

• gine's [fuel] system, under the influence of high temperature and the

catalytic action of the metals, fuels and oils that are inclined to

oxidize precipitate tarry substances that plug filters, fuel and oil

lines, and precision-fitted working pairs, interfering with normal

fuel supply to the engine and normal operation of the fuel system.

The processes that unfold at higher temperatures are accompanied by

the formation of a solid phase - sludge, which has an even more detri-

mental effect on normal engine operation.

"Certain fuel and oil components may produce deposits of varnish -

solid products of profound thermal transformations- on the engine's

cylinder-and-piston group.

An investigation of the elementary composition of the tars,

sludges and varnishes showed that these substances consist of carbon,

hydrogen, large quantities of oxygen, sulfur, nitrogen and mineral el-

oments. Suboequently, the nonhydrocarbon impurities present and form-

.... ring in fuels and oils are the initial materials that determine the ac-

cumulation of tars, sludges, varnishes and other nonhydrocarbon con-

* .. . densation products.
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Tars are high-molecular-weight products of oxidative transforma-

tions and condensation of unstable hydrocarbons and nonhydrocarbon im-

'•"' purities in fuels and oils.

Let us examine the composition and conditions of formation of

tare as primary products in this complex chain of transformations.

The quantity of tars is Judged from the sum of the compounds that

separate from the hydrocarbon mixture onto an active adsorbent as a

result of their higher polarity. The mixture of nonhydrocarbon com-

pounds that has been separated chromatographically consists of the sum

total of the oxygen compounds that had been present in the petroleum

products and some of the sulfur and nitrogen compounds.

TABLE 38
Characteristics of Tar Composition in Petroleum
and Its Fractions

S 1 0 -- n ro orsi-

G t ee

"6 t Cxo$tia ne#6 84,4 0,77 0,79 5,30 585 4 II,j0 C.112,1_2402
. I ltopocit . 77.001 0,97 1,80 10,331 2q0 Clell:,O, C1,H.._ 1 002

,o92 8. 1A 70 310 cu,1IaO 3 C,1O0
le1~10 DUC AEC-

10 UaflJ • • . 82,209 10,%229 ,23 46G Cul10, C -oBNmoni c aana? 8 ,2 10,06 1,17 6,15 471 C qll 4yO I
,.- lD ,ar ..... 84,75 V,'5 0,51 4,L' 757 CWIT,, CA ,H....saoR

1) Products; 2) composition, %; 3) molecular
weight; 4) formula; 5) homologous series; 6)
starting petroleum; 7) kerosene; 8) gas oil; 9)
"low-viscosity distillate; 10) viscous distil-
late; 11) residue.

In petroleums, the total amount of compounds that separate out

onto the silica gel or, as they are normally called, "silica-gel"

tars, varies between 2 and 53% [1, 2]. On the average, this quantity

5 is 15% for typical petroleums of the Soviet Union.

With increasing molecular weight of the tars, the cyclization ob-

served in their molecules inc-reases. It is assumed that in this case,
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TABLE 39
Silica-Gel Tars of Cracking Kerosenes

'lpcnur-xopocin lipoumur-sopocnut 1;poeu.r-itopocU-
n cýTesi L~aw- na uecTef U3 GaMSHciwuupcxofl ACCP TaTapclioi ACCP 6 uO$"oI

... , .- • 3 = M . =
3~

,.,.: 7 1•o nnqeCT ~o .CM O fl II
RpeOnn--uepoCnne

* ~nocaeio b mccntgoa
xpauennR, n.e-/00 xA 670 2520 533 2400 1805 8080

XO0cePCMUMA

1.'.'.7

" 9 ' zeas fl nec d0. f,037 1,030 0,9727 1,0345 1,0490 1,0444
.1.1•yoe .yinpmui . Dec 218 261 183 266 238 251

t1o11o1 ,1cao . . 75 54 146 54 130 50
I"OO$4U$1ten? pOpax-

"A"nn ... ,5372 1,5220 1,5281 ,5385 1.5300
13 ruAPOIcitahuoe 1,537

1 " . J3, ,*a KOH/* t00 126 t72 83 i27 8?• , ±q lncno1Tno0 'Incno, A.*
15:KOH/.. ....... 12 14 2 V7 6 It.
15i1tpnoe 'Incao, it

KOHI/ ..... .... 23 49 to 66 34 51"" RapGounatnnoe wc-
17 , aO O 24 0 13 0 t0"C0.oepwanne cepm, % 4,9 2,8 6,7 2,4 I,2 0,30

'195 -u.m p. cr., °C 00-150 45-125 66-140 56-110 70-1.10 60-125
WXlA nperoulflo-

f l1xcg coeAU00o-
% 70 65 73 70 78 75

1) Index; 2) cracking kerosene from petroleums ofBashkirskaya ASSR; 3) initial; 4) after percola-
tion through silica gel; 5) cracking kerosene
from petroleums of Tatarskaya ASSR; 6) cracking
kerosene from Baku petroleums; 7) quantity of
"tars in cracking kerosene after 18 months of
storage, mg/lO0 ml; 8) description of tars; 9)

specific gravity d40; 10) molecular weight; 11)

iodine'number; 12) refractive index 20

droxyl number, mg of KOH/&; 14) acid number, ngof KOH/g; 15) ester number, mg of KOH/,g; 16) car-
bonyl number, mg of 0 17) sulfur content, %;

18) boiling range at 5 mm Hg, °C; 19) distillate
yield, %.

aromatic, na.phthenio and heterocyclic rings may become Joined, either

directly or through bridge bonds formed by oxygen, sulfur and nitro-

- gen (3, 4, 5].

The manner in which the elementary composition of tars distri-
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buted among the petroleun fractions varies may be Judged from the data

of A.N. Sakhanen listed in Table 38.

"The average molecular weight of the tars increases with increas-

ing molecular weight of the hydrocarbon fractions. If we disregard the

small quantity of nitrogen (which is not indicated in the table), then

no fewer than two oxygen atoms devolve upon the average tar molecule;

this enables us to regard them as a mixture consisting largely of oxy-

gen compounds of structurally similar homologous series.

The basic part of the resins is concentrated in the heavy and

residual products.

The tar content and, consequently, the oxygen-compound content in

the ligroin-kerosene fractions becomes noticeable. In these direct-

distillation fractions, the tar content rises to 0,1 - 0.2%, and to

0.6 - 1.0% in cracking fractions [7]. The quantity of tar increases

during prolonged storage of petroleum products under the influence of

elevated temperature, catalytically active metals and contact with at-

mospheric oxygen.

Table 39 (8] gives a conception of the manner in which silica-gel

tars may accumulate in fuels during prolonged storage under normal

conditions, together with a characterization of the tars.

In cracking kerosenes, which are distinguished by large contents

of unstable hydrocarbon and nonhydrocarbon impurities, the quantity of

tars detected after deposition of the original tars after 18 months of

* .* storage at the ambient temperature was 4 to 5 times the amount found

in control fuel specimens from which the resins had not first been

separated. This means that oxidation processes in fuels that have been

freed of tars, including oxygen-Snhibiting compounds, develop at a

- much greater speed.

The tars were substances with high specific gravities and high
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STABLE 40
Elementary Composition of Tars and Their Transfor-
mation Products (in %)

2 -3,"
1 nlpoAyit- C H S N 0 Sa .,

S"-' 4 cuonu •,.,a-•'mayxcrofi

c 111 ..... .. 79,48 9.00 7.81 0,83 2,40 0,48 - -
6 Ac 'aab.um Onhx cmon 1111 79,43 8,99 7,85 0,85 2f4i 0,39 -

~No=arpotino-imcpocuno-
flUX (ýPaIUtUT1l npn,,ofl I-.&4
peronu- 110J ....... 72,85- 10,85- 12,56-- 0,10- 4,10- "

7"i T Oca~xtnoaty'wuze irn 5 79,M5 11,81 M1,53 0,67 7,93

It 38p1teR Oh.iie lla 1 •l.•UlT-
pe uts cepuncToii ipaii..t 13,65 4,30 4,69 1,20 41,20 -- A

To sice, UonIymellutle
upIt 120D ............ 898 2,20 1008 0,61 2= - 49144"," 9 0cA-81, nonyweanuo ripe

i•.'i1500 u ua~leptiatiito fla-'o • a 3epo na aaocep1-5 ,

i:. i j cxoi 4psmtn . .... 4 1 ,1 408 9.35 0,97 49,37S• luC.toau Rpoxnitr-xepocsx- •
l0on (101... ........ 75.3- 9,33- 3,03- 1.09--75- 7.

77,41 9,81 5,10 1,23 8,27• ~113.1 T lam ocSaoN, RUnPOmnMA

urn xpanenno xlom-
OPO.• Iouua 11] ...... 76,10- 6,3-0, 7,7--8,7 18,- 1t3- 0"7-

12 Ocaxui, voiyqenume upa804
• 135 A A plaeaulle Ua
,itlt PO . 13 Maaocepn1I-
cyTc NO )pc our-Ton~ua 554 ,2 2.68 2,2 1,01 124

l~lxrapDt c jWATrOce M-11 1 c ""
Fnolose UOS•TnPON•GufoDx,
k5,,11U0  1121 ...... .. 71,9- 4,8- 110 0lonpoa0, 1,0-

14a3bq, cma8 teui 19,. ....

Po,,41feZx 60u111uoa 110 1 81•0- 7,0--U 1 Ao 4,8- 0.-

1) Products; 2) ash; 3) total ash-forming ele-
ments; 4) tars of Kzyl-Tumshukskiy petroleum (113L
5) a4sphaltenes of these tars [11]; 6) tars or ii-
groin-kerosene fractions from direct distillation
(10]; 7) sediments obtained at 250 from sulfur
fraction and' trapped on filter, 8) same, obta.ned
at 1200; 9) sediments obtained at 1500 from low-
sulfur fraction and trapped an filter; 10) lcrack-
ir4g-kero.,ene tars (10]; 11) viscous residue de-
posited during storage of cracking kerosene (11];7 .. 12) sediments obtained at 1350 from low-sulfur
cracking fuel and trapped on filter; 13) scale
from 14-11 engine after (use of) unethylated gaso-
lines [12]; 14) varnishes removed from aviation
e' engines af'ter use of unethylated gazolines (12];
15) not aCi..errnned; 16) same.

refractive indices, which testified to the predominance of the aro-
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matic structure among them. The oxygen compounds were characterized by

various functional groups. However, compounds with hydroxyl groups

"*..' predominated in the tars; there was a large sulfur content.

It is interesting to note that much sulfur is present in tars

from kerosenes produced from low-sulfur Baicu petroleums. After separa-
tion of the tars that had bevn present, there was also much sulfur in
the new tars that formed, indicating passage of new amounts of the

sulfur compounds from the fuels into the tars, possibly after the ap-

propriate oxidative transformations. Perhaps the same observations

would have been made for the nitrogen compounds, which were not deter-

mined in this case.

The tars, which were extracted chromatographically, were dis-

tilled in a vacuum. The distillate yield was 65- 78%. Their solubil-

ity in a hydrocarbon mixture was quite high. The high-molecular-weight

Sportion of the tars, which did not distill in vacuum, did not dissolve

in the hydrocarbon mixture.
Obviously, only the high-molecular part of the nonhydrocarbon

compounds extracted from the fuels chromatographically should be clas-

sified among the tars that influence the operational characteristics

of petroleum products.

This relationship was noted long ago by researchers. However,

during the time when the chromatographic method of analysis, which en.-.

ables us better to study the chemical structure of aonhydrocarbon in-

purities in petroleum products, was not being used, a classification

of..tars was developed on the basis of' their solubility in certain

chehilcal solvents. This method is extensively used at the present

time.

• One blassilfication distinguishes

neutral .•ars, which are insoluble in alkalis and acids and quite
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soluble in petroleum distillates; -

',asphaltenes, neutral substances that are not soluble in the light

* gasolines from which they separate, but are quite soluble in benzene, ,-z . ip:

chloroform, and carbon disulfide. -

carbenes, which are asphaltene condensation products that are

not soluble in carbon tetrachloride, benzene, chloroform or carbon di-

sulfide; they are to some extent soluble in pyridine.

carboids, substances formed from asphaltenes at elevated tempera-

tures and insoluble in benzene and other solvents;

asphaltogenic acids, tars- that are soluble in :alkalis and sol- :;:

vents such as benzene.

It is perfectly obvious-that the high-molecular part of the non-

hydrocarbon impurities, which cannot remain in the form of. a true so-

lution in a hydrocarbon medium and precipitates out as a second phase

as a result of oxidative-and condensation transformations, should be

included among the asphaltenes, carbenes, carboids and asphaltogenic
it'

acids. On the other hnd,, the soluble part represents a mixture of.,

nonhydrocarbon nompounds from which 'condensation products .can be ob--

tained, At the same tie, they are of Interest as a source for new..

chemilcal. compounds that are: not used al the present time.
-o• ccý e -lm a cmoion. .4 . .. ,

It 'a interesting t.o cmpare the elementary-compoitions of the

non•rydroca-rbon impurities, their hi.-molecular partsO the solid de-
ps~Itr :tht form in .the fuels at elevated temperature, the-:varnishs-

posi tz'tl at r oim in the .....-. ..

products (Table 4.).'

As would be expected, the elementary compositions ot petrolet-t-

tart. and the tars of its hiah.mole-cular part, which is insoluble in

tie th vdrocarion mixture (aspialtenes) Ulffer little. Their corazpo-

A tions are charaoterized by extreme-y• high contents of su2'fux", nltro-
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gen and oxygen. In essence, all other transformation products of the

'high -molecular part of the nonhydrocarbon impurities are characterized

~'by the same property., irrespeý;tive of their phase composition. The da-.

ta~presented in the table leave no doubt that the sources of tar,

sludge, scale-deposit., anid varnish formation at both normal and ele-

vated temperatures are the nonhydrbocarbon impurities that are present

and'accumulate in the petroleum products. Their quantity, and., conse-

quently,.the quantity of the oxidative-condensation products will de-

pend on the chemical composition of the petroleumi products and the

operational conditions, and temperature conditions in particular.

.COMPOSITION AN]) CHARACTERISTICS OF SLUJDGS

Ash-forming elements are detected in tars,, sludges,, deposits and

varniaphes. Their quantity increases considerably as a result of cor-

rosion proceese&%, which are intensified at elevated temperature. Nu-

mýreroua metals and nonmnetals have been detected by spectral analysis

sAmong the-a-sh-forming elements of tars and sediment. The quantities

or iron,4 qopper'. zinc and silicon are particularly larse. Table 41

-.1ista ash' comp<*Itions for deposits and sludges obtained on the fi11 .

trof~ systems operating on type T fuels. The composition of the de-

'.po'sit- ,and sludge azh shows elements that accumulate on refinement

{~,14,Ca), in the process of storing and transferring the fuel (.Re,,

Zn)L d uring operation (Cu, Cd, Pb, Zn), duie to contaminatlon by at-

mpspherla dust (Si. Al), etc. All of these ash-forminM elemients were

present !ý.n the tars, dposits and sludges. This means that the mineral

part, together wit the organic nonhydrocarbon impurities,, assumes an

active !importance in the forration of substances that precipitated

from the petroGleum- products under certaiUn conditions in the form of a

4, second phase.

It ifallows from this that the 'lash" elements of Cuels have a no
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TABLE 41

Content of Certain Elements in Sludge Ash and
Sediment of Type T Fuels (in %)

3 ICT1o;1 (120 -"
Tonhao w- C. 4 ",o,.'Wo 5 • <nt°(25 0) I w' ýP anra- . / ( 35)

-e 30 10 10 1-4 ItCu 1 1,0 13 29 41,4 38
"A. 0o3 1,0 0,4 3,0 OA
ca 0,3 1,0 0,11 031,

* g0,2 1-2 0.4-10 1,0
0, 0,3-1,0 10-I5 1,0 03 ,04

S... C- 10 13 ,10 -Si 3-6 3-to 1-3 104
Zn 20-30 1-3 10-15 3,0 i0.
Pb 0,4-1,0 O," 1,0 1,5 1,3 .-4

Mn 03 1,0 0,1-0,3 . 1-3 03-1.,0
Na 0%4-1,0 j 11,0 1.0 UO 1-3

i -) Elexnt; 2) fueling pump (250); 3) aircraft
.). •), 4) stand (1200 in fuel with 0.045% of
mereaptan sulfur); 5) stand (1500); 6) brass
radiat or (1350).

less detrimental influence on the operational properties of fuels and

oils than the high-molecular part of the organic nonhydrocarbon im-

purities.

Depending on the chemical nature of the "ash" elements and the

particle size of the solids that form in fuels and oils, there arises

an additional danger of abrasive wear of components of mechanisms

manufactured with high precission and small tolerances.

in diesel fuels and mazouts, the processes in which insoluble de-

"V posits form and accumulate develop with cons .derable speed, even at

low temperatures. Growth of these pas.ticles, which have initial sizes

raing f±rom 0. 1 to 1 I., takes place during storage and particularly

*, .-. during storage at high temperature. In diesel fuel, heating to 430 fr

- . 12 weeks was attended, apart from oaa increase in the absolute amount

of insoluble residue, by an increase in the size of the largest parti-
'. z le frv 2.8 to '0. "

I1 waa estimated that I r (sic] of maz-out contained (14] 100 Sol-.

"IAd edient particles fzarm 2,•` to 30 4 in di'aeter, 2200 pa.,rti2lis te-"
',-." - 2 7 8• --



tween 5 and 20 p, and 98,000 particles from 1 to 5 P. r
The solid-particle content in standard TS-1 fuel was investi-

gated under the supervision of LN. Antipov-Karatayev at the Soil In-

stitute imeni V.V. Dokuchayev, Academy of Sciences USSR.

Using the microscopic method of dispersion analysis, the content

of solid particles prior to filtration was established at 0.056% by

weight, while after filtration through a standard fuel-pistol filter

it dropped to 0.024% by weight.

Table 42 shows the distribution of solid particles in the fuel by

"sizes.

TABLE 42
Distribution of Solid Particles in
Fuel TS-1 by Sizes (in %)

,"1 Paaep qaCTnU, B ncxoxuou

SlI npau~am

4
<5 (B cP~ucm 2,48) 1 52,50 64.40
5-10 (a cpeAneO 6,41) 24,50 18,10
10-50 (B cpOcIIMo 14,70) 22,66 17,35
50-80 (a cpeoH 1,20) O, t5 0,07>80 %0 7 0,09

I) Particle size, 4L; 2) in initial
fuel; 3) after passage through fu-
"e.l-pistol filter; 4) averaging.

The deposit on the filter consisted of 5.98% of hygroscopic mois-

ture, 68.59% of organic substances that could be removed on roasting,

and 8.86% of ferric oxide.

The authors of the report conclude that the tarry substances in

the fuel should be regarded as a peptizer for mechanical impurities.

With incr'easing teAperature, the sediment-particle size in fuels

and oils shows a disproportionate increase.

It is evident from the example furnished by fuels boiling in the

ligroin-keiosene r-ange that the sediment-particle size increases no-
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TABLE43

Variation of Sediment-Particle Size as a Function of Temperature to
Which Fuel Is Heated [161

2 oan T- Tonrnw T91454 Tournino TC-1(rOCT 4138-49) (rOCT 7149-54)

'1

05 M"Cpaypa narpO ,a ona, ,C

120 150 200 250 120 150 200 250 120* 150 '200 250

CTOIUIRBmufl J: 4; aa-
A'epMIBaoTCX OcaIxa,
A.1• 00 A .. 1,9 4,0 0,6 0,4 5,2 7.5 2,0 1,7 3,4 6,9 1,3 tO

Ocaz~ox na JApyrxnx 4rnabTpaX, % oT 3aRepman-oro ;ia c~eXrnannoM M-4

SYM8 MyUar¢zl C OT]oepcrn-
AmM• 6-7 .MX . . 81,5 9i 100 100 70 97,5 100 100 61 97 '100 100

9 MOMRaIMCURexi C. ornOp- 9
CTRin, AM.:

"15 2 ,4 61 10M 100 24 74,6 100 100 24,6 63 100 100
30 5,2 33.4 to0 100 2,3 47,1 100 100 2,9 47,7 1o0 100
50 0 26 54 63,4 0 30,7 47,5 63 0 34 44,4 60120 .0 4 38,5 44:4 0 13,6 15 18 0 8 is 30 ,

1) Filter; 2) fuel T-5 (GOST 91o45-59); 3) fuel T-1 (GOST 4138-49); 4)
"fuel TS-I (GOST 7149-54); 5) heating temperature of fuel, oC; 6) glass
No. 4; residue trapped in mg/100 ml; 7) depesit on other filters, % of
that trapped on No. 4 glass filter; 8) paper with 6 - 7-ýL holes; 9)
metallic filter with hole sizes in P..

ticeably with increasing temperature. An increasingly large quantity
.or sediment is trapped on filters with large openings (Table 43).

This is nicely illustrated by Fig. 76, which shows photographs

made at a magnification of 80 of the sediment that formed in the fuel

after 6 hours' heating in autoclaves at various temperatures in con-

tact with bronze.

To minimize the influence of oxidative processes, the autoclaves

were rinsed with nitrogen prior to the test, and the fuel was tested

at an initial nitrogen excess pressure of 1 atmosphere.

Under these conditions, the oxidation processes were extremely

":" -280
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Ii~inted and could take place only at the expense of the recidual oxy -

gen in the liquid phase and oxygen impurities in the nitrogen (0.6 -

C ~ 0.8%). The extremely small amount'of sediment obtained fully con-

firmed the hypothesis set forth above; it was the more interesting to

observe the change In par'ticle size of these sediments as a f'unction

of temperature as a result of condensation procesises.

The tota.l wa.ight of sediment formed reaches its maximum at a cer-

tain teiaperature and then drops regardless of' further temperature in-

ci-eaz.c. Thk *.)ffect finds its explanation when we consider the opti-

mum conditions f or oxidation of unstable components in a hydrocarbon

mixture.

IBM

'IISO

Fig. (6. Influence of' temnperat~ure on condensation and ?article_
size Increase In fuel sediment. I) T-5 fuel; 2) T-1; 3 TS-1; 4)
T-2; 5) T-2 with arackinrr component.

Aa we indicated earlier, tar-., sediment- and varniish formation in

Sfuels and~ oilIs takie place ax, a result of oxidative conden sation of non-

hydrocao.~bori impurl~ties. Oxidation of this type takes place in the liq-
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uid phase, where the hydrocarbon mixture is, as it were, a medium in

which new oxygen compounds form from the unstable hydrocarbons and the

nonlhydrocarbons present are subjected to further, more profound trans-

formations. The higher the temperature, the more intensive is the de-

velopment of the oxidation process. With increasing temperature, how-

ever, the vapor pressure of the hydrocarbons above the liquid phase

will increase, with the result that diffusive penetration of atmos-

pheric oxygen into the medium being oxidized is restricted. In other

words, the exchange necessary for normal progress in liquid-phase oxi-

dation is disturbed.

The oxidation will be least pronounced at the boiling point of

the hydrocarbon mixture.

0 As we approach the boiling point, the oxidation process in the

liquid phase dies out, culminating in condensation of the high-molecu-

lar oxidation products that have already formed. In the gaseous phase

above the product, the concentration of oxygen by weight drops with

increasing temperature and, consequently, with increasing quantities

-' of hydrocarbon vapor. If, however, the oxygen concentration were ade-

quate, development of oxidation processes in the gaseous phase would

require incomparably higher temperatures (400 - 500 ) than can be ob-

served. Consequently, oxidation of the nonhydrocarbon compounds of fu-

els and oils will intensify only up to the temperature at which the

petroleum-product vapor pressure increases sharply.

Each petroleum product will be characterized by its own equilib-

rium-boiling temperature, and by its own type of vapor-pressure vari-

ation on heating. Temperatures of maximum sediment formation can be

"established in accordance with this.

Table 44 shows the variation of the equilibrium-boiling tempera-

tures as functions of the pressures developed on heating for fuels
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that boil in the ligroin-kerosene fractions.

For such fuels, which have similar production methods and unsta-

"-"' ble-component contents, the maximum-sedimentation temperature lies in

the range from 150 - 2000 [17, 18].

As the heating temperature is further increased, the quantity of

sediment formed diminishes and becomes very small at 2500. Conse-

quently, the problem of sedimentation at heating temperatures above

2000 is not pressing for direct-distilled ligroin-kerosene fractions

unless the process takes place at an elevated air temperature.

This applies only for cases in which the heating rate is so high

that precipitation of a solid phase does not occur on passage through

the maximum-sedimentation temperature range. We note that in modern

type T fuels, sedimentation is observed 3 - 4 hours after a tempera-

ture of 150 has been reached. Naturally, this limit will move into a

higher-temperature region for higher-boiling fuels, and the more so

for oils. The above does not apply to the corrosive aggressiveness of

petroleum products. In the presence of corrosively active components

that are stable under these conditions, the corrosion aggressiveness

of fuels and oils increases with temperature.

'] TABLE 44

Variation of Equilibrium-Boiling Temperature
of Fuel.s as a Funct!on of Pressure Developed

. on Heating

4 0

Tcw"ano T r0l*"o•ue pa. Aasaeueu ; auop• "

I h•ll I-WUu -a m IIUUII mtoo

M410 am2 6529 4?I

T-2 6--237 IO•S -310 160
2W 4*5 1304 19D
250 8M0 154-38M 214
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"i""•'I120 1155 155--243 183

8 050 1 64-256 0190

200 2,70 17M-270 205
250 4,95 205-305 236

120 ltS 157-284 M88

T 143267 17 50 ,85 070-200 202
200 2,35 185-315 208
250 4,30 205-M35 242

120 1,25 t05-316 245

T 188--308 213,9 150 1,,0 200-320 250
200 1,80 210-336 258
250 2,115 230-360 280

1) Fuel; 2) normal pressure; 3) boiling range,
°C; 4) equilibrium-boiling temperature; 5) el-

* evated pressure; 6) heating temperature, oC;
7) pressure above fuel, atmospheres; 8) TS-I.

* • CONCERNING THE MECHANISM nF FORMATION OF A SOLID PHASE IN A HYDROCAR-

BON MEDIUM

* We have yet to consider the mechanism of formation of the solid

phase that precipitates out )f a hydrocarbon mixture in the form of

viscous tars, solid dej.osits, sedimer.t,"varnishes and other conden.- .

'.tion products as a function of temp~rature- and other aonditions.

The initial fuela or oils, which are free of mechanical impuri-

ties, may be regarded as true solutions of nonhy-drocarbon organic com-

pounds in a hydrocarbon medium. The correctness of this conception is

confirmed by the fact that thoroughly filtered type T fuels give a

SclŽar b7 v-,ured :tndei an electron microscope at a magnr ification of

"10,,000. Molecules that are, as it were, overlotled by heteroatoms form

in an early stage of the oxidative transfortations of the hydrocarbons

and nonhydrocarbon impurities, and some of these .-oz'm the material for

Vo'oinrtlon of a solid lhaeo. Theiv preacher in the hydrocarbon mixture

-, ,- karaes the pkisical nat,,re of the solution. Such a solution may be

regarded as a semicolloidal system In the sense that it simultaneously

, contains a considerable quantity of a truly soluble part of the mate-
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raal from which a .o~loidal •hase o-rms In the surrounding disperse

medium [19]. On the whole, such systems, which are characterized by

particles much smaller than 1 p. in diameter, are classified as col-

loids with maximum dispersion and stability.

Let us recall that the dispersion of such systems is determined

by the molecular nature of the two phases and their state.

Further transformations take place with changes in phase composi-

tion under the influence of various factors, primarily temperature.

instability of state intervenes at this point; we observe enlargement

* iand condensation of solid-phase particles, which precipitate from the

system in the form of viscous tars or a deposit. The nature of the

solid phase that separates out is determined primarily by temperature

,.conditions. At low temperatures, it takes the form of viscous tars.

The process in which they form requires months and years. At higher

* temperatures, flocculent solid particles will form. The rate of their

formation will be reckoned in hours. A varnish film will form at a hot

surface at temperatures of 250 and higher. The higher the temperature

of the medium, the richer in carbon will be the molecule of the solid

. phase.. since it ha been subjected to profound thertal destruction.

The final poxWucts of this destruction are sootllke formations which,

* of course, are far from being pure carbon but aare extremely rich in it

due to 'processes of thei'mai decomposition of the high-molecular-weight

part of the no hdrocarbon impurities in the fuels or oils.

Contamination by "ash" elements contributes very greatly to break-

down of the colloidal system with formation of a precipitating seco-nd

phsase• F.xtemely Tfne particles of metal-corrosion products and atmos-

pheric dust which peinetrate into the fuels or oils act, as it were, as

"cente-a around whtch the organid particles of high-moleoular-weight,

nonhyd:ocarbon Impur. tIes aggregate. This is why large quantities of
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ash elements are detected in the deposits, varnishes and sediments ir-

respective of the source from which they have accumulated. Their elim-

"ination from the petroleum products would result in considerable re-

striction of the tar- and sludge-formation processes.

.r 1H I IV
.. " - r-cw i.,- 'c

SFig. 77 Insoluble deposits in fuels subjected to

heating in autoclaves at 1500. 1) T-5; II) T-1;
III) US-1; IV) T-2.

-4" , I7N

Fi4. i' Y. jj'. K

78. Insoluble deposits In fuels
heatingeiateu to heat5In0 a, 150) in a

" systent commnunicating, with the atinou--ii) ere. I) T-2 ) T-.; 1.1) TS-3.

. .. t hxs bet-i noted thzat the oxidation products of hydrocarbons and
,the nonhydrocarbon impurities, which are chaacterized by aliphatic

!I . structure are hold In the IN--im of t.•tze solut" oiw w-1th the hydr-ocar-

F--," bons considerably loneer U-= systerm with cyclic (preferentially aiv-

S i •ha.3 boon established that arw-oatic alruttur-es forn. the bnsic

S o;' t t s. -

""4- 4 A,. th "J.."
tt 8.Isouledpo<s nful

t,• etC ohetnsa 10 i



system. They are lyophilic toward aromatic hy-

"drocarbons and lyophobic toward hydrocarbons

771 with the aliphatic structure.

"Obviously, the dispersion of the colloidal

-: system, its physical state, and the rate at

2- which it breaks down to liberate a solid phase

,. depend to a considerable degree on the chemical

0ý composition of the petroleum products.

Fig. 79. T-2 - All this is clearly evident on microphoto-

el af ter heatinglaft12 heinga graphs of direct-distilled fuels that boil in!•at 1200 in a sys-
,'- •tem communicatingt c ui ithe range of the ligroin-kerosene fractions.

with the atmos-
phere. Figures 77 and 78 show fue1s after 6 hours of

heating in contact with bronze at a temperature of 1500, while Fig. 79

shows them after heating at 1200.

The upper row shows microphotographs of fuels made immediately

after the test at a magn'fication of 80. Particles of deposits that

represent an aggregated system of varying density are seen clearly

here.

The lower row shows electron microphotographs or fuels that had

been subjected to preliminary filtration through a dense filter after

the test, No solid particles could be seen in these filtrates at a

magnification of 600. At a magnification of 10,000, however, a large

numbor of solid particles emaller than 1 P in size is detected in

them. It is perfectly obvious that here we had a colloidal, system

iwhose breakdown, together' with aggregation of a solid phase, resulted

In deposits that precipitated from the hydrocarbon mixture.

Figur'e 79 shows that there is apparently no solid phase in fuel

T-2 afte testine at 1200 and at a magnification of 80. However,, a

photograph taken with an electron microscope (lower frame) shows that
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heating of the initial fuel, which was a true solution, turned it into

a colloidal system with particles ranging frbm 0.1 to 0.4 vl in size.

The rate and profundity with which the colloidal-system solid ,.

phase aggregates is strongly influenced by the elevation of tempera-

ture to which the system is subjected and the dirt particles, which

are capable of acting as coagulation centers for the solid phase.

* Thus, two processes share the basic role in formation of tars,

deposits and sludges in petroleum products: 1) oxidation of unstable

hydrocarbons and nonhydrocarbon impurities to varying depths; 2) con-

densation of the oxidation products to form a precipitating second

phase.

-- IV

-"• - . .- , .. "" f - ., ." , ,.'.

Fie. 80. Fuel with surface-active additive after
6i hours of' heating in contact with bronze at 15Q0 . I)
T-l; i) TS-; III.) T-5; IV) T-2,

These undesirable processes can be prevented by puriffication and

",* fine filtration of petroleum products. The use of add.tives may also

be found highly effective (see Chapter 17); these should combine two

functions - those of antioxidants and dispersIng agents.

Antioxidant Additives make it possible to Inhibit or prevent ox-

idation processes in fuels and oils, pauricularly in the stage in

which high-molocular-weight oompounds form.

Dispersing,, or.,, as they are sometines ealled, deteergent additives

unablo us to prevent breakdown of the colloidal system in cases uhtre

such a system has formed and aggregation or the ;Poiid phase Into pre-



"cipitating tars.. deposits a. nsldg s

As a result of adsorption or chemosorption, a minute paiticle of

the colloidal system is "protected" by a monomolecular layer of addi-

tive, with the result that breakdown of the colloidal system and, con-

sequently, coagulation and subsequent precipitation of a solid phase

are prevented. Together with this, the negative influence of the non-

hydrocarbon impurities present and the processes of their oxidative

condensation in the petroleum products are localized to varylng uze-

grees.

The results obtained with an effective surface-active dispersing

additive may be seen in Fig. 80.

After prolonged heating at 150O, no particles of a solid coagu-

* lated phase are seen in fuels containing such an additive when in-

"spected at a magnification of 80. The fuel is transparent (see top row

of photographs). Only at a'magnification of 10,000 under an electron

microscope do we see solid-phase particles with sizes• from 0. 2 to

0.5 1 (see lower-row of photographs). In other words, we were dealing

in this case with a stabilized colloidal system..
V* When such additives are empioyed, commercial fuels and oils may,

In the majority of cases, be employed in thermally stressed system-is

without aa fuzIther technological processing (see Chapter 23).
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Chapter 11

,.,,BEHAVIOR OF FUELS AT LOW TEMPERATURES

When we speak of low-temperature properties of fuels we refer to

"those specific features encountered in the behavior of fuels as their

* '. temperatures are reduced, and-as a result of which it becomes difficult

to provide for tbp normal flow of fuel through the fuel-feed system of

an engine; in addition, there may be difficulties in the flow of fuel

"during transportation, pumping, delivery, and fuel servicing, in addi-

tion to the difficulties that may be encountered in the starting of a

cold engine.

"The most important changes in fuel properties, taking place with

a drop in temperature and impairing the operational characteristics of

"the fuel, involve the separation of a second liquid or solid phase from

y- the fuel, causing the fuel to lose its mobility and producing a pro-

nounced reduction in the pressure of the saturated fuel vapors. More-

over, with a drop in temperature the water vapors from the intake air

condense in carburetor enginez, resulting in ice formation on the throt-

tle valves and on the walls of the carburetor.

D',•ing the fueling of the engine, with a fuel containing a solid

phase in the form of crystals, the filters become choked with crystals

as a result of which there is a pronounced drop in the capacity (output)

of the fueling unit. With fuel feed from a tank through a fuel-feed

I.te, the supply of fuel is at first disrupted and then completely

*.topped as a result of the choking of the filters with crystals.

As the fuel becomes immobile, it becomes difficult or completely .

2- 92 -
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impossiblq, .to transfer it from the railroad tank cars, and this applies !.

equally to the pumping of such a fuel or its utilization for servicing.

With a drop in the pressure of the saturated fuel vapors the vola-

tility of the fuel diminishes and as a result it becomes difficult to

start the engine. The increased deposition within the engine and the

impairment of the quality of the lubricant employed are associated with h

this incomplete vaporization of the fuel at low temperatures.

As a result of carburetor icing, the amount of air that passes

through the valves is restricted and the rpm of the engine is reduced -

the engine begins to function intermittently. Under particularly un-

favorable conditions, the icing of the throttle valve is so pronounced

that it freezes completely shut and the engine ceases to function.

-High-melting hydrocarbons; primarily of the paraffinic series in

the fuel composition, and the water dissolved in the fuel or condensed

from the air on the surface of the cold fuel are the factors responsible-

for the separation of the solid phase from the fuel. The loss of fuel

mobility takes place etther as a result of a pronounced increase in

fuel viscosity (to hundreds and thousands of stokes), or as a result of

the formation of a crystal lattice of high-melting hydrocarbons, and

here the viscosity of the fuel is not yet of a magnitude adequate to

preclude fuel mobility. It is for this reason that in the last case

under dynamic conditions, i.e., in the case of the pumping of the fuel,

the fuel-pumpability temperature may be 15-20 lower than the freezing

temperature (point).

In an examination of the low-temperature properties of a fuel, we

: : should dwell in some detail on the following problems.

1. The separation of hieh-melting hydrocarbons from the fuels at

low temperatures.

2. The nature of the change in fuel viscosity with a reduction of
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the fuel temperature.

3. The behavior of the water in the fuel and the water vapors in

<- the intake system of the engine.

j4. The volatility of the fuel at low temperatures.

THE SEPARATION OF HIGH-MELTING HYDROCARBONS FROM FUELS AT LOW TEMPERA-
•URES

The separation of high-melting hydrocarbons from fuels at low tem-

peratures, with the subsequent formation of a crystalline structure, is

the basic factor responsible for making the normal application of the

fuels difficult. Not all hydrocarbons making up a fuel exhibit high

melting points. As a rule, the greater part of the hydrocarbons in the

composition of a fuel, and frequently the predominant mass of the hydro-

carbons, exhibit low melting points.

The presence of a relatively small quantity of high-melt'ing hydro-

carbons (10-20%) in a fu-l is completely sufficient to raise substan-

""etially the temperature for the initiation of crystallization and the

solidification of fuels.

Of all the hydrot.arbons in the paraff.ni'c series which can be found

in the composition of aviation gasolinea, the highest melting point is

exhibited by normal-structure hydrocarbons, If we exclude the overly

branched synmetric-structure hydrocarbons. Sinr.e in contemporary avia-

tion gasolines the presence of hydrocarbons wivh more than 7 to 8 car-

bun atoms as well as s~Nmetric-structure hydrocarbons is virtually ex-

cluded, the paraffinic portion of the avlation gasolines is made up of

hydrocarbons having a melting point below -600.

Naphthenic hydrocarbons which can be included in the aompositicn
of aviation gasolines, with the exception of cyclonexane and several

0other hydrocarbons having a melting point ranging fi-om -20 to -50°,

also melt below -60°. Because the content of cyclohexane as well as of
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"Fig. 81. The crystallization temper-
ature of benzene as a function of the
hydrocarbon composition of gasoline.
• lAlkylate; 2) B-70 gasoline; 3) 80%
B-70 gasoline + 20% toluene; 4) tolu-
ene; 5) diesel fuel with a cetane ad-
ditive; A) Crystallization temperature,

°C; B) benzene content, % by weight.

other naphthenic hydrocarbons having a melting point above -50 to -600

is comparatively low in aviation gasolines, the naphthenic portion of

the aviation gasolines is virtually also composed of hydrocarbons hav-

ing a melting point below -600•

With respect to aromatic hydrocarbons, some of these, having a

high melting point, are either contained in noticeable quantities in

"" base gasolines obtained by catalytic processes (xylenes), or are added

to the base gasolines in the form of components to improve the anti-

knock properties of the fuels (pyrobenzene, benzene). Therefore the

impairment of the low-temperature properties of aviation gasolines can

be brought about solely through the presence of aromatic hydrocarbons,

particularly benzene. The temperature at which the benzene is crystal-

lized from the gasoline depends on the benzene content and its solubi-

|£ lity in gasoline, this determined by the hydrocarbon composition of the

latter (the gasoline). As can be seen from Fig. 81 the greater solubi-

lity is exhibited by the benzene in aromatic hydrocarbons, i.e., in the
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hydrocarbons that are analogous to the benzene in structure, and the

lowest solubility is exhibited by the benzene in the paraffinic hydro-

carbons.

In automotive gasolines the content of aromatic hydrocarbons and

particularly of benzene is not too great; the end-of-boiling for gaso-

205lines reaches 205°. Therefore, with the introduction into these auto-

motive gasolines of a substantial quantity (more than 50%) of direct-

distillation gasolines derived from paraffinic petroleums, the crystal-

lization temperature for the automotive gasolines will be determined by

the paraffinic hydiocarbons of normal structure. However, the highest-

melting paraffinic hydrocarbon which can be found in the composition of

a gasoline - undecane - exhibits a melting point of -25.60; therefore,

automotive gasolines, as a rule, have low crystallization temperatures.

-A more urgent problem is the one having to do with the crystalli-

zation temperature for higher-boiling fuels - Jet and diesel fuels. Un-

"like the aviation gasolines, the crystallization of these fuels is caus-

ed primarily by paraffinic hydrocarbons. This can be explained primar-

ily by the fact that beginning with 180-210°, with the exception of

certain mono- and bicyclic aromatic hydrocarbons of symmetric structure

and, as a rule, not detected in the composition of petroleums, the high-

est melting points are exhibited by normal or slightly branched paraf-

finic hydrocarbons whose content in fuels derived from petroleums of a

pararfinic baue amount to 50-60%.

Moreover, as can be seen from Fig. 81, with the addition of paraf-

finic hydrocarbons the first portions (up to 2%) produce the sharpest

increase in the cryetallization temperature, and with a relatively

" small content of paraffinic hydrocarbons in the fuel, the pour point of

the fuel increases markedly.

A pronounced increase in the solidification temperature of the
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fuel, through the addiato"" ri of insignif'ican• t quantities of high-melting

normal paraffinic hydrocarbons, can be explained by their limited solu-

bility in the hydrocarbons of other classes at low temperatures. With

an increase in the fuel temperature, the solubility of the paraffinic

hydrooarbons Inarcasea at first slowly and then sharply as the temper-

ature of the medium approaches the melting point. The solubility of the

paraffinic hydrocarbons is a function also of the melting point of the

hydrocarbons and the nature of the solvent. With an increase in the

melting point, the solubility of the parafflnic hydrocarbons in the

fuel diminishes. The closer in structure the hydrocarbons making up the

fuel to the paraffinic hydrocarbons, the better their solubility in the

* fuel. In addition to the purely paraffinic hydrocarbon's, the crystalli-

zation of higher-boiling fractions of jet and particularly of diesel

-. -fuels is brought about also by monocyclic naphthenic and aromatic hy-

- drocarbons that have long side chains of normal structure.

In jet and diesel fuels derived from petroleums having a naphthe-

nic-aromatic base bicyclic naphthenic and aromatic hydrocarbons are

predominant. It is for this reason that these fuels have, as a rule,

rather low solidification temperatures (about -40° and lower).

" " * Consequently, the tendency of aviation gasolines to crystallize is

not a Dinction of their chemical nature and is governed only by the pre-

sence of certain aromatic hydrocarbons in the gasolines, primarily by

"the presence of benzene, and with a limited benzene content no cryatal-

lization of aviation Sasolines can be detected during their utilization.

The same can be said of automotive gazolines.

.ft jet and diesel fuels the tendency to crystallization is deter-

mined primarily by their chemical composition.

In the cooling of the fuel (to temperatures corresponding to the

total solution of the paraffinic hydrocarbons contained within the
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"composition of the fuel) the highest-melting paraffins begin to settle

out and the fuel becomes turbid. This temperature has been designated as

$Y - the temperature for the initiatlon of fuel crystallization or, as was the

practice earlier, the cloud point.

Normal paraffinic hydrocarbons both in the pure state as well as

in the dissolved state in the fuel are capable of supercooling in the
absence of crystallization centers or seeds. As a result, they settle out

from the fuel and crystallize at a lower temperature than their solubi-

lity temperature for the given concentration in the fuel. The supercool-

ing ratio is a function of the nature of the fuel and amounts, for ex-

ample, for a 10% solution of cetane to 8-210 [3]. In commercial fuel sam-

ples, pronounced supercooling is not observed. This can be explained by

the fact that the tiniest of mechanical-admixture particles are always

present in fuels and as a result it becomes possible to produce air bub-

bles which serve as crystallization centers.

"The shape and dimensions of the paraffinic crystals which settle

'2 0out from the fuel are functions of the nature of the fuel, the concentra-

tion of the paraffinic hydrocarbons, the cooling rate, and the presence

of surface-active agents in the fuel. It should be pointed out that there

is no common opinion with respect to the shape of the paraffinic crystals.

Some researchers note that with the cooling of particularly concentrated

solutions of paraffinic hydrocarbons acicular crystals are formed, and

the par hydiecarbons crystallize in the form of plates out of weak

and medium-concentration solutions [4, 5]. Other researchers maintain

that the crystal shape is a function of the structure of the parafrinic

"hydrocarbons - normal paraff'inic hydrocarbons crystallize into a plate-

S... !Uke zhape, whereas the isoparafrins crystallize into an acicular shape

A.S. Irisov and V.N. Lapikura [3] showed by means of microphoto-
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graphy (including motion :'.Ictures) .f the crystallization process in

* cetane that the shape of the cetane crystals is determined by the nature

of the solvent. Plate-like crystals are separated out of solvents that

are paraffinic in nature. Fiber-like crystals are precipitated from naph-

thenle solvents. In individual oases, during crystallization from a super-

cooled solution and in the absence of seeds, the formation of spherulites

was observed.

"Grain-like (globular) shaped crystals are precipjitated f vom solu-

tions of bicyclic aromatic hydrocarbons with short side chains. Mixed

crystals - plates and grains - are first formed out of solutions of mono-

- cyclic aromatic hydrocarbons having long side chains; subsequently, the

grain-shaped crystals proved to be less stable, whereas the plate crys-

* tals grow together to form a strong grid.

Some investigators have pointed out that neither the solvent nor

Sthe quantity in which it is employed have any effect on the shape of the

)'; crystals [9, l0].

The nature of the medium has an effect nn the dimensions of the

crystals as well as on the rate of their growth. D.L. Gol'dshteyn, Z.V.

9 Veksler, and G.Ye. Zhuravlev (11] demonstrated that paraffin crystals

separated from a fuel are substantially larger than the same crystals

@* within the fuel; the lenGth of the paraffin crystals in synthol is 3-4 •,

*" and in a fuel derived from Surakhany petroleum this crystal is 9-12 k K

long; in a fuel derived from Grozryy paraffinic petroleum the crystal is

20-30 1 lons. With a reduction in the concentration of high-melting hy-

"drocarbon in the fuel, the dimensions of the crystals increase. For a

10% solution of cetane, the dimensions of the crystals attain 10 4; for

a 5% solution, 30 ii; and for a 2% solution, 35 4 and more [3]. The cry-

stallization of paraffin from high-solidification diesel fuels begins at

=many centers with the formation of acicular crystals having an average
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dimension of about 5 p and these grow comparatively fast, forming a char-

acteristic grid with needles 10-16 ýx long. The crystallization of the

paraffins in low-solidification fuels is different in character - the

crystals are formed from a few centers, they grow substantially more

>• slowly, attaining lengths of 16-25 p, and they yield a grid that is not

quite as dense. Moreover, the precipitation of paraffin crystals begins

at a temperature that is some 5-10° higher than the solidification tem-

perature of the fuel (3].

When surface-active agents are present during the crystallization

of fuels, small paraffin crystals are formed. If the fuel containing the

-: .paraffin crystals is kept at a constant temperature the crystals are re-

inforced as a result of which the number of larger crystals increases and

the dispersion of the system is reduced.

When a fuel is cooled to a temperature that corresponds to the be-

ginning of the crystallization of the paraffins contained within the fuel,

only an insignificant portion of the paraffinic hydrocarbons dissolved

within the fuel are separated from it. With subsequent reduction in tem-

perature, the quantity of precipitated paraffin crystals from the fuel

Wr Increases. The precipitated crystals grow together, forming reticular and

cellular structures which include the uncrystallized component parts of

the fuel within the cells. As a result, the fuel loses mobility and so-

The difference between the temperatures of the beginning of cry-

. alslization and •he temperatures of a fuel solidifieation is not con-

stant and it a ftunction of the quantity of parafflzic hydrocarbons con-

tained w•flin the tAoe.4, as well as being a funotion of the melting point

.:. of thete paraffinic hydrocarbons, the presence of surface-active agents

irn the fuel, and also to soae extent a function of the fuel viscosity.

'. zA can be seen from the data presented in Table 45, the greatest differ-
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*•. ence, as high as 28-35°, is exhibited by diesel fuels derived from pet-

"roleums of a naphthenic or naphthenic-aromatic base (Kosohagil',

Neftedag), containing small quantities of paraffinic hydrocarbons.

• .rTABLE 45

"The Temperature of the Beginning of Crystallization
*'. and the Solidification Temperature for Various Die-
*• sel Fuels

(D.L. Gol'dshteyn, Z.V. Veksler)

Teunepanypa, C

uaiaa 3CTU-MpuCcraa- MUma

A -inasunoe Ton-nuo 113 xocqarncxofp u Tn. ....... --20 --. 4"Ameatuoe Tonamno 13 ti@eTo-rc1oi nor . ...-- 14 -49
""epocnu sni ypenaicuoA n ... ............- 10 -3-5

eaewoo Tonauno ina unmn•Ga13c~o ne•.r. 0 - 5
- hepocnu s rpous uoum1ofen nc .... ............ . -7 -20

Alleai-noe Tonntuso us uposucuexolt ua4=r.. . . ...... .0 -5Re oi-.•p n uc'. . ..-.

1) Fuel; 2ý) temperature, 0; 3) beginning of crystal-
lization; ) solidification; 5) diesel fuel from
Koaschagil' petroleum; 6) diesel fuel from Neftedair
petroleum; 7) kerosene from Surakhany petroleum;8)
diesel fuel from Surakhany petroleum; 9) kerosene
from Ishimbay petroleum; 10) diesel fuel from
Ishimbay petroleum; 11) kerosene from Groznyy pet-
roleum; 12) diesel fuel from Groznyy petroleum.

With an Increase in the aontent of paraffinic hydrocarbons within

the fuel, there is a drop in the difference between the temperature

markLng the beGinning of oryatallization and the temperature of solidi-

fication, For Surakiany kerosene containing 35% paraffinic hydrocarbons

this difference amounts to 170. whereas for Oroznyy kerosene in which

the content of paraffinic hydrocarbons raches as high as 60%, the dif- -

Lorence amounts only to 3° Theme is a substantial reduction in the

discontinuity between the temperature marking the beginning of crystal-

* •.% lization and the solidirication temperature as the melting point of the

*6 •paraffinic Iydivcarbons in the fuel rises. Therefore, despite the fact
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that diesel fuels derived from Surakhany,

Ishimbay, and Groznyy petroleuns contain

'. A - - fewer paraffinic hydrocarbons than kerosenes.....

Cp • - -derived from the same petroleums because of

- - the higher melting point of the paraffinic

- hydrocarbons contained in diesel fuels, the

-\\- discontinuity (difference) betweeen the tem-
-8 - -

.. o perature marking the beginning of crystal-
lization and the solidification temperature

Fig. 82. Influence of
low-solidification com- for diesel fuels is less than in the case
ponent on cloud point
and temperature of so- of kerosenes.
lidification of a high-
solidification compon- Surface-active agents, increasing the

* " ent. 1) Solidification
temperature of a mix- degree of dispersion in the system, in-
ture of Groznyy solar
distillate + Binagadi crease the discontinuity (difference) between
gas oil; 2) the same
for a mixture of the temperature marking the beginning of
Groznyy gas oil +
Balakhany gas oil; 3) crystallization and the solidification tem-
for a mixture of
Surakhany gas oil + perature of the fuel. If the paraffins are
Bibieybat kerosene; 4)
the cloud point for a precipitated in an extremely viscous medium,
mixture of Surakhany
gas oil and Binagadi the difference between the temperature of
kerosene; A) Tempera-
ture, C; B) low-solid- the beginning of crystallization and the
iffication component, ,.

solidification temperature is not very great.

Low-temperature properties of fuels containing high-melting hydro-

carbons, primarily parafrIns, can be improved either by the removal of

these hydrocarbons by some method (deparaffinization) or by the conver-

sion of these hydrocarbons into hydrocarbons of other classes (thermal

or catalytic refining), or by the mixing of such fuels with low.-solidi-

,,cation Nuei1; another possibil•ty 13 the addition of appropriate ad-

K ditivea to these fuels- depressors (see Chapter 14).

Deparaffinization and thermal or catalytic refininC of fuels makol
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it possible substantially to reduce the temperature marking the begin-

ning of crystallization or solidification. However, in addition the

cetane numbers of the fuel are reduced, as is the yield of the final

product. Moreover, the execution of these processes from a production

standpoint is oumborsome. Therefore the above-enumerated methods have

to the present time not gained widespread acceptance. The removal of

the paraffins by means of urea should be regarded as promising.

As can be seen from Fig. 82 there is no additive change in the

temperatures marking the beginning of crystallization and solidifica-

tion when high-solidification fuels are mixed with low-solidification

fuels, but rather there is observed a shift in these temperatures in

the direction of the high-solidification component. Therefore in order

to achieve a sufficiently pronounced reduction in the temperatures of

•: the beginning of crystallization and fuel solidification it is neces-

"* sary to add a somewhat larger quantity of low-solidification fuel (up

to 70-80% and more) which from a practical standpoint makes no sense

at all.

THE NATURE OF THE CHANGE IN FUEL VISCOSITY WITH A REDUCTION IN FUtrL
TEM4PEiRATURES

* ,': Fuel viscosIty is an extremely important operational characteris-

tic of quality and tAis applies primarily to diesel fuels as well as to

jet fuels. Viscosity determines fluidity and ease of fuel supply to the

spray nozzles. In combination wiLh the density a.d surface tension of

the fuel, viscosity hass a substantial effect on the degree of fuel atom-

4:•. zai-tion and the rtnge of the at:Nam. Oiven low fuel viscosity, atorina-

tion Is better but the rane of the str•=a is diriniihed. With reduced

* viscosity there is I increase In the amount of "uel that Is drawn In

through leaks in the pump. As the fuel viscosity increases, the depth

(range) to which the stneam can penetrate Increases. But beyond a cer-
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tain viscosity limit, the degree of atomization is markedly reduced and

the drop dimensions increase, as a result of which the vaporization

conditions are impaired and complete combustion of the fuel is not at-

tamned; in addition, the fuel flow rate and the amount of exhaust smoke

are increased. The effect that the viscosity of a diesel fuel [12] ex-

erts on the functioning of an engine is presented below.

* BaKOCrhI nu, rem 7 9) 15 f 10401 49 6

2=4a,- paCIoA, &/.t. C. 246 5 ; 4 2 260 315 328

Y~enwf pscao. eas. c. & M 9 I* ~I ii ii

1) Viscosity, centistokes; 2) specific fuel
consumption, g/hp-hr; 3) smoke content, conven-

tional units.

An extremely viscous fuel offers great resistance in its passage

through the fuel-feed system, and this results in the detachment of the

fuel stream which, in turn, produces disruptions in the fuel feed to

the pump. The maximum viscosity of a fuel at which the fuel supply ceas-

es to provide for nominal (rated) engino power is referred to as limit

([aximum] viscosity.

Dopending on the deosig of the Iue-!.eed syatem of the engine, the

valut of the limit viscoatty may chunge within a wide range. For exam-

ple, for three various fuel-feed aircraft systems-, the irILt fuel vis-

*. cosities amounted to 85, 160, and 210 cent'stokes, respectively, whore-

S2 as for the fuel-feed system of the C-65 tiactor the rx'mlum= fuel visCos-

tt~y enountod to 299J cenLtiotkes (Ill.

Ir the fuel is supplied under excess pr-essure, even if the latter

1i; not tok great, thLe limit viscosity of the fel Increases =arkedly.

Therefore, the most vulnerable point in the fuel-feed systen, lit _n
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the fuel supply, is that section

from the tank to the pump in which

"the fuel is generally carried by

gravity or under the action of' a

The normal atomization of a

7 fuel in a Jet engine is generally

"carried out when the viscosity of

the fuel at -50 'does not exceed

5 •25 centistokes [161. In diesel en-

gines, at higher atomization pres-

sures, the normal atomization of•" ~-60 -50 -4•0 -30 -20" "I0 0 10 20
"o0 tBTN7,. the fuel is achieved at a viscosity,

SFig. 83. Viscosity-temperature
Figop83.tiesosity-tespratures value in excess of 100-150 centi-
properties of' various fuels.
1) n-Heptane; 2) aviation gas- stokes at 4
oline; 3) ligroin; 4)paraf-s
fin-base kerosene; 5 naphthe-
nic-aromatic-base kerosene; 6)
catalytic gas oil; 7) winter
diesel fuel; 8)-summer diesel used in carburetor engines has an

"' ~fuelj A) Viscosity, centistokes;fuel; A)Viscosi, Centeffect on the quantity of fuel that,
B) temperature, 00.

passes through the nozzle. With a

drop in viscosity the volume of fuel passing through the nozzle in-

creases.

Figure 83 shows the viscosity-temperature curves for fuels used in

various types of engines. As can be seen from the curves, the fuels

differ substantially between one another both in terms of absolute vis-

cosity as well as in terms of the nature of the change that the fuels

undergo with a drop in temperature. In addition to the fractional com-

position, the chemical composition of the fuel also affects the nature

(shape) of the viscosity-temperature curve; the heavier the fractional

composition of the fuel, the more pronounced the effect of the chemical
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composition of the fuel.

For example, for aviation and automotive gasolines below -60° the

chemical composition has virtually no effect on the nature (shape) of

the viscosity-temperature curve. For jet fuels of the kerosene type the

effect of the chemical composition becomes noticeable, and in the case

of diesel fuels the chemical composition determines the nature (shape)

of the viscosity-temperature curve. The smoothest (flattest) viscosity

* '. . curve is exhibited by paraffinic hydrocarbons, and the steepest _urve

is exhibited by aromatic hydrocarbons, particularly by bicyclic hydro-

7 carbons.

It is natural that the utilization, at low temperatures, of fuels

whose viscosityundergoes marked change with a drop in temperature in-

volves considerable difficulties and not every fuel which exhibits good

*ii viscosity at positive temperatures will provide for engine operation at

low temperatures. For example, a naphthenic-aromatic type of fuel can-

not function in any one of the above-mentioned three systems reliably
0p

at temperatures below 40-45°,

"For diesel fuels, and to a lesser extent for jet fuels, under cer-

tI

tain conditions the appearanc2 of L pronounced viscosity anomaly is

"characteristic, i.e.: the so-called structural viscosity - the fuel is

"conver'ted to 'the colloidal state, acquires plasticity, and a static

limit shear atress appears within the fuel. As can be seen from Fig.

84, at -10° neither of the two fuels exhibits plasticity and flow can

- take place, given a small pressuare head. At -30° plasticity appears in

* both of the fuels, and they acquire fluidity (flow sets in) with a
preosuro head of - 0.1 C/re At-50° Puel No. 2 becomes fluid only

with a pressure head of 0.42, and fuel No. 1 requires a pressure head

of 0.68 e/cm

*1~~ .' The supply of the fuel which exhibits this anomalous viscosity
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from a tank to the pump is made

""" difficult and cut short as a re-

,. - suit of which the power of the en-
A f 20 /

"",, ,/ / gine diminishes.
.. '-', lug," -. . . .

to. , , 70,. , The fuel-viscosity anomal.y,

... •5~ p e poi,,/c i.e., the appearance of structures

Fig. 84. Hydrodynamic flow rate within the fuels, can be explained
of diesel fuel as a function of
pressure head at low tempera- by the crystallization of paraffin
tures [141. 1) Fuel No. 1; 2)
fuel No. 2; A) Hydrodynamic flow and the consolidation of the paraf-

rate Q.103 cm3 /sec; B) pressure
hedA , c 2. fin into a structural grid. Thehead, A p, g/cm•.

temperature at which this structure

is formed is a function of the concentration of paraffinic hydrocarbons

in the fuel as well as a function of the melting point of these paraf-

finic hydrocarbons. With a 1V rge content of paraffinic hydrocarbons,

particularly of high-melting hydrocarbons, the formation of a structure

is observed within 1-2° prior to the precipitation of the crystal phase.

Most frequently the structure is formed at a temperature that is sever-

al degrees higher th3a the temperature of fuel consolidation.

The structure formed in a high-paraffinic fuel is rather easily

-* destroyed because of the insignificant viscosity of the dispersion

phase. Therefore the maximum pumpability temperature of such fuels, as

a rule, is substantially lower than the consolidation temperature

(Table 46).

In kerosones used as fuels for Jet engines this structure is more

easily destroyr than in diesel fuels. For example, according to the

data of Strauson [15] by slightly rocking the tank at a frequency equal

"to 6 cycles per minute for each 1/30 of cooling (thus simulating the

motion of a fuel under the altitude changes taking place in the flight

"of an aircraft) made it possible to reduce the pumpability temperature
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TABLE 46
Pumpa~bility of Diesel Fuel Having a Solidification

* Temperature of -300~ [14

1 n
thic.no 06po fljOnWaOAUUMa~Oc 11acoca (2 ftt/-W4) fipi TOulopaType, Oct

RO )I8COa T
Bfnyy+10 -3 -4 -50

500 - 540 535 258
3200 .80830 810 300

*Do in pump output with a drop in temperature
can be explained by the increase in fuel viscosity.

1) Pump rpm; 2) pump output (in kg/hi') at a temper-
ature of Q**

by 30 for all of the fuels tested. Light rocking when applied to the

eoperation of a pump of half the capacity serves to reduce the pumpa-

bility temperature of the fuels by 8-110

Depressor-type additives (see Chapter 14), restricting the forma-

tion of structures within the fuel., reduce the temperature at which the

fuel-viscosity anomaly appears (Fig. 35) simultaneously with the drop

in their solidification temperature and, consequently, the mobility

(fluidity) of the fuels is improved.

THE BEHAVIOR OF WATER IN FUEL AND THE BEHAVIOR OF WATER VAPORS IN THE
* INTAKE SYSTEM OF AN ENGINE

One of the factors responsible for the precipitation of the solid

phase from fuels is the water that has been dissolved In the fuel or

which has condensed from the air at the surface of a cold fuel. In both

cases, the formation of the solid phase - crystals of ice - takes place

directly within the fuel. Moreover,, crystals of ice may come into the

fuel from the outside in the form of rime coming off the walls of the

tanka.

The crystals of Ice in the fuel,, moving together with the fuel

7 through the fuel -feed system to the engine, can choke the filters,, anid
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this can result in the disruption of

the fuel supply, and in the case of
2- 291- -

A30 1 a great quantity of ice crystals the

0 27.... . fuel supply can be entirely choked
_fM0C -

"�* * - - - off. Ice crystals are particularly

: fC - • dangerous in aviation fuels.
15CC-0

""�- --- " Figure 86 illustrates how much
the water dissolved in a fuel exerts

"CCI"•.- '-. - an influence on the constriction of
4030 -20 -t0 to 20

B Temneaoom.po. o a filter with ice crystals. The

greater the quantity of water dis-
Fig. 85. Effect of paraflow onFigl 85.iEfcty of arafowaony solved in the fuel, the higher the
fuel viscosity. 1) Suralchany
gas oil; la) Surakhany gas oil
+ 0.5% paraflow; 2) Emba solar temperatilr= at which the fuel supply
distillate + Groznyy solar dia-
tillate (2:1); 2a) Emba solar is reduced by 20% as a result of the
distillate + Groznyy distillate
(2:1) + 0.5% paraflow; 2b) Emba Ohoking of the filter with ice cr-
solar distillate + Groznyy so-
lar distillate (2:1) + 1.5% stals.
paraflow; A) Viscosity, centi-"%! It should be pointed out that
poises; B) temperature, °C.

given the same initial content of

water dissolved in the fuel, depending on the cooling conditions, the

design of the filter, and the design of the engine's fuel system, the ,

temperature at which the filter becomes completely choked with ice

crystals may vary within a very wide range. Therefore the curve in Fig.

6 characterizes only a general tendency, and this curve is typical only "

of certain specific cases. Under other conditions, the curve may lie

substantlally lower or higher without basically changing its shape.

The shapes and dimensions of the ice crystals in the fuel are func- .
tions of the conditions under which these ice crystals are formed [18].

In the absence of any mechanical impurities or fine fibers, tiny someh- -

what elongated ice crystals having dimensions of 4-.l0 p are formed
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in the case of rapid cooling, and these

- - - -.- crystals range in dimension all the way to

[l5C - -- 15-40 p in the case of slow cooling. In

1-- ."40 - -the presence of mechanical impurities long

',.,0,5, ,. broken crystals (up to l-4 cm) are formed,4gO 005 4OO7 WS"

•2 $o% "or a cotton-like fluffy mass is produced,

Fig. 86. Effect of dis- and this floats in the fuel (19].

solved water on temper- The small ice crystals that form in
ature at which fuel sup-c

,.. ply is reduced by 20%.
1) Temperature, 0c; 2) the fuel are reinforced with the passage
water, % of time, sometimes bringing about a change

in the shape of the crystals. After pumping or mixing, the ice crystals

may collect in the form of snow.

A unique "adsorption" of the fuel takes place on the surface of

the ice crystals, and as a result the liquid that is formed after the

"melting of the crystal consists of two approximately equal-volume lay-

ers of water and fuel. In addition, some of the hydrocarbon components

of the fuel, as well as the products of oxidation and polymerization

under certain conditions associate with the water drops that are formed

out of the fuel during cooling. At low temperatures these associated

complexes also form crystals that are collected in the filter [20]. As

a result of the "adsorption" of the fuel on the surface of the ice cry

stals and the formation of associated complexes, the volume of the cry-

stal mass deposited in the filters increases by a factor of approxi-

'mately two.

The rime deposited on the aircraft tank walls consists of ice

stale which "adsorb" fuel vapors; the fuel content here amounts to

6o-0o% (19[].

Spiul~lit-y of' ia n i hi ocy•l rbor, antid Fuels

All hydrocarbons are capable of dissolving small quantities of
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water. The solubility of water de-

".. 41---- - pnds on the structure of the hydro-

|t,'3 /carbon and on the temperature. The

- -.-- greatest quantity of water is dia-

-A0 solved in unsatUrated hydrocarbons.

-00- The aromatic hydrocarbons are close

to the unsaturated hydrocarbons in

terms of solubility. The least amount
"-2 -to 0 /0 20 3a prSTe.e•ePOM, *C of water is dissolved in the paraf-

finic hydrocarbons. With an increase
"Fig. 87. Effective temperature
on the solubility of water in in molecular weight, the solubility
hydrocarbons. 1) Benzene; 2)
toluene; 3) xylene; 4) cyclo- of hydrocarbons with respect to water
hexane; 5) isooctane; A) solu-

"" bility of water, %; B) temper- diminishes, and this is particularly
"ature, oc.

"true in the case of aromatic hydro-

carbons. With an increase in temperature, water solubility in hydro-

*-' carbon- increases (Fig. 87), and again the increase is most significant

in the case of aromatic hydrocarbons. The temperature relationship be-

* * tween water solubility in hydrocarbons can be expressed by the follow-

ing empirical equation: log c a - b/t, which makes it possible to

present this relationship in the form of a straight line.

The solubility of water in fuels is determined by the group hydro-

carbon composition of the fuels. In fuels containing aromatic hydrocar-

bons, the solubility of water is greater.

The•Effect of Various Factors on the Actu.all Quantity of' Water Dissolvedin cHyroo ao and in eMs

Solutiors of water in hydrocarbons and fuel are extremely dilute

in view of the limited solubility of water. As a result they are subject

.41 to the Henry law C = KP, where C il the concentration of the water in

the hydrocarbon or fuel; P is the partial pressure of the water vapors;
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K is the proportionality factor.

-- ". It has been demonstrated (21] thatK+- . -"-",'404 4V$ w nas
i-- - K = Craks /P vn " In this case

.,,S C p = C S , where
A ~400CwL --

i400" -" • -,• at the given temperature Cmaks is

the maximum possible concentration

SDO 80 70 80 49 JO 16 4 1 of water in the hydrocarbon or fuel;B 4Owv4*"w nasnas is the pressure of the satur-

•': Fig. 88. Effect of relative airF 8 f o l eated water vapors; ' is the rela-
humidity on solubility of water
and fuel. 1) Kerosene; 2) tolu-
ene; A) Water in kerosene, %;

S  elatiVen humidity .f air, %1 Consequently, the concentrationCwater intoluene, %

of water in the hydrocarbon or fuel,

at constant temperature, is directly proportional to the relative humi-

dity of the air. The validity of this relationship is confirmed experi-

mentally with individual hydrocarbons, fuels of varying hydrocarbon

composition, and oils (21). Figure 88 illustrates the above-mentioned

relationship.

Since the relative humidity of the air is not constant, neither is

the content (quantity) of water dissolved in the fuel constant. With an

increase in the relative humidity of the air, the fuel becomes saturat-

ed with the water from the air and the quantity of water dissolved in

the fuel increases. With a reduction in the relative humidity of the

air, the quantity of water in the fuel diminishes - we have the reverse

transition of the water from the fuel to the air.

Consequently, the water dissolved in the fuel is in a state of

equilibrium with the water contained in the air [19-24].

The cited formula is completely valid even in those cases in wnich

the temperature of the fuel is higher or lower than the temperature of

the air, and this is generally found to be the case under natural con-
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A4=

*4 1

gas. ""0MA

B Aoln8"81MuMeP&M. m

Fig. 89. water content in fuel as a func-
tion of atmospheric pressure. 1) B-95/1L30;
2) TO-I; 3) T-1; A) Water content, %; B)
pressure., mm Hg; C) 100% humidity.

ditions [251. In this case C and Pnas correspond to their values
p-s.maics v

at the temperature of the fuel, and P corresponds to its value at the

"temperature of the air. Bu using this formula we can determi'.e in ad-

vance the direction in which the content of the water dissolved in the

fuel will change as the temperatures of the fuel and air (and the hu-

midity of the latter) undergo change, and it will also be possible to

determine the conditions under which condensation of water vapors from

the air in the fuel can occur. Condensation of water vapors from the

air in the fuel takes place when the fuel temperature is below the temn-

perature of the air., and when the relative humidity of the latter (the

air) attains a magnitude such tha P exceeds Pr i~e. the rlativ

humidity of the air, referred to the temperature of the fuel,, exceeds

100%. Generally the conditions for such condensation of water vapors

prevail with a pronounced increase in heat which is accompanied by a

I,"

significant increase in the absolute humidity of the air. Given the

simultaneous drop in the temperatueof the fuel and air, as a rule,

the content (quantity) of water dissolved in the fuel diminisahes.

The content (quantity) of water dissolved in the fuel diminishes
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also as the atmospheric pressure above the fuel is reduced (this occurs

during aircraft takeoff). This relationship, as can be seen from Fig.

89, is independent of the relative humidity of the air and is rectili- 4:

near in character.

.Speed of Change in Water Content in Hydrocarbons and Fuels

The speed with which the water content in the fuel changes is de-

termined by the rate at which the water molecules are diffused from the

fuel into the air or vice versa, by the rate at which the water mole-

cules are diffused into the fuel, and also by the presence in the lat-

ter of convection flows; in addition, the rate of change in water con-

tent is determined by the ratio of the contact surface between the fuel

"and air to the volume of fuel poured into the container (tank).

The transition of the water molecules from the fuel into the air

or vice versa takes place, as can be seen from the data presented in

Table 47, virtually instantaneously. Within 1/2a minute, given a fuel

layer thickness of 5 mm, the water content in a fuel dried in advance,

regardless of the initial value of the relative humidity of the air,

attains its maximum possible value for the given humidity. Water leaves

"the fuel for dry air Just as rapidly.

The diffusion of water in fuel takes place at a slower speed than

the transition of the water from the fuel to the air or vice versa

(Fig. 90). The rate of diffusion is determined by the difference in

concentrations, and by the temperature and viscosity of the medium. The

"greater the difference in the concentrations of water in the various

fuel layers, the higher the temperature and the lower the viscosity of

the fuel, and the greater the diffusion rate for the water in the fuel.

"With a drop in the fuel temperature, the viscosity of the fuel in-.

creases and this applies particularly to a high-boiling tuel.. Moreover,

with a drop in temperature the solubility of the water in the fuel -
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TABLE 47
Rate of Transition of Water from Air to Fuel and
Back
(thickness of fuel layer, 5 mm; surface of con-
tact between fuel and air, 21 cm2; temperature,

. 180)

*, o~AepmUne zau (a ,) npu omnocaTeaumoI namaoom 3o3•NA7

* .1. ..-
BpOXa 95% 65% . ~3%1

"A".h,, m. 3 Ton="so

"TC-i T-1 TC-1 T-i TC! T-i TC-i

4. I, I"°m
11cxoAuoe 0 0 00 0

0,0102 0,033 0.0069 O.D 0'000., ,910,003 0,0031 0
".-o.008 o , 0096 0,0073 0,0061 I , 0o, l , O,00M2
3 0.0103 0,0000 %0074 0.0065 010 0,0o -

1) Time of saturation and transfer, min; 2) water
content (in %) at relative humidity of air; 3)
fuel; 4) initial fuel.

diminishes and as a result there is a reduction in the maximum possible

water-concentration difference in the various fuel layers. As a result

the rate of water diffusion in the fuel, particularly in a high-boilIng

fuel, drops markedly. There is an increase in the speed with which the

water content in the fuel changes as the ratio of the contact surface

2 between the fuel and air to the fuel volume poured into the tank in-

creases. Therefore, in horizontal containers ( tanks) and particularly

in the case of incomplete fillina of the container, the state of equili- r

brium between the water and the air is restored throughout the entire

fuel volume more rapidly than In the case of vertical containers.

~ The convection flows that take place in the fuel as it is cooled

or heated accelerate the shifting of the wate-i ifn the fuel.

Conditions under which the Water is Separated from the IFuel in which
itI DisolVedI is' ;e'1l as the- Conitions ror tMe FonA-tion oR Ice

When the water content in the fuel exceeds the solubility of the
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water in the fuel for a given tem-
I*

perature, microdrops of water are

.. , O "separated from the fuel and the

"fuel becomes cloudy. This can take
A 0 q ooo "3V place both during the heating of the

•O_ air, as well as in the case of air

0 is 3o0 45 60 75 so0 tS 125 cooling. In the first case, the sep-
B pewu macalew,, Half.

aration of these microdrops of water

Fig. 90. Speed of water satur- is observed when as a result of the
ation of a dry fuel at various
layer thicknesses. 1) Thickness rapid heating of the air the partial
of layer, 15 mm; 2) thickness
of layer, 29 mm; A Water con- pressure of the water vapors in the
"tent in fuel, %; B saturation
time, min. air exceeds the pressure of the sat-

urated water vapors at the temperature of the fuel (see page 312). If

the container (tank) has not been completely filled with fuel, a rela-

tively large quantity of water may be transferred to the fuel. In the

case of cooling, conditions come about under which it is possible for

the water to transfer from the fuel to the air. However, all of the ex-

.:. cess water dissolved in the fuel does not always manage to make this

transition to the air. If the cooling was rapid, and the conditions

here were such that the quantity of the water dissolved in the fuel

does not change too fast, a substantial portion of this water will not

make this transition from the fuel to the air.* Since the solubility of

the water in the fuel diminishes with a drop in the temperature of the

fuel, the quantity (content) of water in the fael, formerly situated in

the lower part of the container, will exceed its solubility and the ex.

• aeeas air will be separated from the fuel in the form of microdrops.

*. '. IRicrodrops of water may also be separated from the fuel in those

cases in which, at constant air and fuel temperature, the relative hu-

midity of the air is reduced. The state of equilibrium for the water

-316-

%..... . -. -



changes in a direction of reducing the quantity (content) of water in

the fuel, and with a pronounced drop in the relative humidity of the

air the excess water will again fail to make the transition to the air

7 and will be separated from the fuel in the form of microdrops.

-• "If the separation of the miorodrops of water from the fuel takes

V,. place in any one of the above-enumerated methods, at a time at which

the fuel is at a temperature below 00, these microdrops will form mi-

crocrystals of ice. However, the separation of microdrops of water

will not always be accompanied by the formation of microcrystals of

ice in the case of negative temperatures. This can be explained by the

. capacity of the water drops to become supercooled and in this case as

the dimensions of the drops diminish the degree of the water-drops'

-• supercooling increases. The magnitude of the drop dimensions is deter-

mined by the rate of fuel cooling: the faster the fuel is cooled, the

smaller the water drops and the greater their tendency to supercooling.

- The supercooled state is not stable, and therefore in the case of mix-

*-* ing or pumping a fuel contaIning supercooled drops of water, ice cry-

• stals are formed instantaneously. Not only the water separated from the

fuel in the form of microdrops, but also the water contained in the

dissolved state in the fuel, is capable of supercooling. For example,

N.A. Ragozin. [19) notes that with the gradual cooling of fuels contain-

ing a large quantity of aromatic ftdrocarbons, the separation of the

dissolved water' from the fuel is delayed. Subsequently, with pronotunced

cooling of such ,upereooled fue., or during. the mixing or pumping of

such a .uel, the greater part or the water dissolved in the fuel Is

almost simultancou3ly separated out fron the fuel, and this results in

the subsequent formation of a larg-o quantity of Ice crystals.

The presence of ice crystalG in the fuel may be the result of the

faflin-, sliding, or w'-hing down of the rime from the walls of the
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containers and tanks carrying fuel on aircraft. Consequently, the ice

crystals in a fuel may be formed both during a drop in fuel temperature

as well as in'the case of .#rise in fuel temperature., and in individual -

cases ice may also be formed with a reduction in the relative humidity

and pressure of the air above the fuel.

In the case of cooling, ice crystals are formed from the water dis-

solved in the fuel primarily with pronounced and substantial tempera,

* -". ture differences taking place at high initial and final relative air

humidities, in a more viscous fuel carried in horizontal containers

which are completely filled, or in vertical containers which are filled

tj a sufficient height.

With slow cooling of the fuel, even in the case of high fuel vls-

cosity and great thickness of the fuel layer in the container, and fur.-

"ther given a limited surface of contact between the fuel and air (with

"complete filling of horizontal containers), the water may be able to

* achieve the tasition to the air, as a result of which the solubility

of the water in the fuel will not be exceeded and, consequently, no

ice crystals will form.

With a sharp and substantial rise in the temperature of the air,

ice crystals can form in the fuel from the rime on the walls of the con.

tainers. Thia can be observed pritrily when the containers have not

completely been filled with fuel.

",Particularly favomble conditions for the formation of ice crystals

"prevail when the fuel is pumped fram an u-lerground c(ntainer Into a

N fuel truck. Fuel that has been stored In uzdergound contaIneras exhi.

bits substs.-titlly hiher temperature than the surrounding nedilu dur-
.-Ing tho- vmte.A- the- V=-pl.•, _the INe1 into the fuel truck,

there Is a sudden drop in the tererature oe the fuel, the nolubility

, of the water in the fuel is reduced, and the exc ss of water tanno-
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make the transition to the air, thus being separated from the fuel in

the form of microdrops which, as a result of the intensive mixing of

the fuel, rapidly form ice crystals.

Method of Combating the Formation of Ice Crystals in a Fuel

.*: There are a number of methods, both structural and physicochemical, K

"to prevent the formation of ice crystals in a fuel or to eliminate ice

crystals in a fuel. Aýmong the structural methods we have the heating of

the fuel or the utilization of a filter and the injection of isopropyl

alcohol on the filter at the instant that the latter (the filter) be-
2I.

comes choked with ice crystals [26, 27]. Although both of these methods

make it possible to prevent the choking of the filter with ice crystals

quite effectively (heating) or to eliminate the formation of ice cry-

in the filter (by the injection of alcohol), it is nevertheless neces-

sary to have auxiliary equipment within the fuel system of the engine

in order to heat the fuel or to provide for the alcohol injection and

this is not desirable since it increases the weight of the aircraft.

The physicochemical method of preventing the formation of ice cry-

stals in the fuel involves the addition of an additive (see Chapter 14)

to the fuel. This additive increases the solubility of the water in

the fuel and causes the dissolution of the ice crystals which enter the

fuel from the outside, e.g., in the form of rime falling down from the

walls of the container.

Behavior of the Water, Dissolved in Air, in the Intake System of the

The basic mass of the liquid fuel in carburetor engines is vapori-

zed within the carburetor itself. As a result of the intense vaporiza-

tion of the fuel, the temperature of the combustible mixture is reduced

by 15-25°. Simultaneously, there is a reduction in the temperature of

individual component parts of the carburetor, in particular of the
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:throttle valve. As a result, the water dissolved in the air is condens-

ed as this air passes into the carburetor, and at -10 and lower ice

forms on the walls of the carburetor and primarily on the throttle (the

"entire top and the edges). Under particularly unfavorable conditions

.,* the icing of the throttle attains such a degree that it freezes com-

pletely and the engine comes to a stop. For more details about this

see Chapter 17.

VAPORIZABILITY OF A FUEL AT LOW TEMPERATURES

The degree of fuel vaporization is determined `y the pressure of

the saturated fuel vapors. The higher the pressure of the saturated

fuel vapors, the greater the degree of fuel vaporization and the easier

it is to start a cold engine. With a drop in temperature, the pre~s'.•

" 6•0 of the saturated fuel vapors is re-

duced. As can be seen from Fig. 91,

"" the pressure of saturated vapors of
"A •

". 2 an automotive gasoline drops from

Iola 400-500 mm Hg at 380 to 30-40 mm Hg

,'.'-" _1 at 00 and to 3-5 mm Hg at -30°. The".-"-J - 20o- 10ZO/ 0 10 20 JV0 410
extent to which this has an effect

Fig. 91. Pressure of saturated on the starting of a cold engine is
"gasoline vapors as a function
of temperature, 1) Automotive demonstrated by the data of L.A.
"gasoline No. 1; 2 automotive
gasoline No. 2; A Pressure of Dem'yanov, presented in Fig. 92.
.saturated vapor, mm Hg; B)
temperature, °C. While at -5 an engine operating on

standard automotive gasoline can be started after 1-3 revolutions, at

-150 no less than 15 revolutions are required in order to start a cold

0"engine. Below -15 it is extremely diffioult to start a cold engine un.

lesc special measures are implemented.

If the temperature of the surrounding air is low, even after the

etWIne has been started, the gasolLie will not always vaporize corn-
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pletely, particularly if the gasoline is one

42 of a heavy-fraction composition.

The unvaporized portion of the fuel

S.-1 which enters the combustion chamber of an

S , ,operating engine does not remain without
change, but rather it oxidizes and forms

Odopnomo

peroxides, aldehydes, acids, and other oxy

Fig. 92. Total number gen-bearing compounds. In the case of ex-
of engine rpm required

S - to start the engine as tensive engine operation, products of oxi-.
a function of the tern-
perature and speed of dation collect in the liquid portion of the
crankshaft rotation.
1) 50 rpm; 2) 40 rpm; fuel and together with the unvaporized fuel
3) 30 rpm; A) Tempera-
"ture of engine, °C; B) enter the oil (lubricant), which is borne
total number of revo-
lutions. out by the high peroxide number of the oil,

, reaching as high as 10 units [33]. The quality of the oil is markedly

impaired in this case.
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Chapter 12

7, •CORROSION PROPERTIES OF FUELS

The hydrocarbons that compose the basic part of petroleum-based

and synthetic fuels, as well as fuels produced by semicoking and cok-

i ing of coals, are quite inert toward all metals and alloys of metals

used in machine building.

The naphthenic acids present in certain petroleums are distributed

among the distillates on distillation of the petroleum in accordance

with their boiling points. The benzene fractions contain virtually no

naphthenic acids; the kerosene fractions are considerably richer in

"them, and the quantity of these acids again diminishes toward the gas-

oil and solar (diesel) fractions.

The admissible quantity of naphthenic acids in commercial gaso-

lines, kerosenes and diesel fuels is strictly limited by the corres-

ponding technical specifications. Consequently, alkali treatment is

applied to the corresponding distillates to remove them.

"Commercial fuels contain only a quite negligible quantity of naph.-

thenic acids that represents no danger as regards corrosion of ele-

ments of the engine's fuel system. Certain sulfur compounds present in

the fuels may represent a real danger to'the engine.

At the present time, the great mass of the petroleums extracted

in the Soviet Union are sulfur-bearing petroleums and fuels (gasolines,

kerosenes, diesel fuels and mazouts) with an elevated sulfur content

are used in industry, agriculture and transportation in ever-increŽaz.-

quantities, so that the problem of corrosivc aggressiveness of the
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fuels must be considered in connection with the nature and quantity of

the sulfur compounds present in the fuel.

- Sulfur compounds should be evaluated not only from the a';pect of

their corrosive action on metals, but also from the aspect of any pos-

sible influence that they might exert on the oxidation proo es of the

fuels and the actual transformations in the oxidation process.

In speaking of the possible corrosive action of fuels, we should

distinguish the corrosive activity of the fuels themselves from the

corroding effects of their combustion products in therwal eniný3s.

These are two perfectly distinct aspects of the problem, each of which

must be considered separately.

CORROSIVE PROPERTIES OF SULFUROUS FUELS

Sulfur-organic compounds present in a fuel may be regarded as

corrosively aggressive components even at low temperature, although

the extent of the aggressiveness is different for different compounds.

Elimination of the most aggressive of them in the purification process

at the plant makes the fuel practically safe from the standpoint of

corrosion, although the quantity of other sulfur compounds left in it

may still be considerable.

Corrosion of metals by sulfur compounds in a fuel is the result

of direct chemical reaction between a sulfur-organic compound and the

metal, with formation of the ýorresponding reaction products. Accord-

*- .*ing to Ya.B. Chertkov, fuels containing in one case 0.005% of elemen-.

tary sulfur and 0.045% of a-phenylethyl mercaptan in the other, formed, -

at 120° in contact with bronze, residues whose compositions (in %) are

presented in Table 48, i.e., copper sulfide formed in the first case

. and copper mercaptide in the second [1].

: -- On combining copper with iron in hydrocarbon solutions of sulfur

and hydrogen sulfide, L.G. Gindin and T.A. Miskinova did not observe
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TABLE 48
-Composition of Residues

2CoCTan oc119HoD, %
lTouanva

0 CU~ J:=',H 0 C

3 Uepocun + 0,005% 3n3MOU-0apno
cop ... . 7,80 0,81 0, 3 78,0 1,19

4 To we + 0,045% a-~onnA3TUnmep-
,Kxa-.a-a. ........ 45.2 4,98 1,36 36,3 12,44

1) Fuel; 2) composition of residues, %;
kerosene + 0.005% of elementary sulfur;
same + 0.045% of a-phenylethyl mercaptan.

any signs of electrochemical corrosion [2]. However, it was established

in experiments conducted by the author and L.A. Aleksandrova that in

the case of contact between two metals (steel and copper, aluminum and

brass) in a diesel-fuel medium containing from 0.18 to 1.60% of sulfur,

clear signs of corrosion appeared on the metals after 3-4 days in the

form of isolated dark spots and local color changes. When each of

these metals was placed alone in the same fuels, such phenomena were

not observed even after prolonged contact. Consequently, electrochem-

ical phenomena are also observed here, although they are probably not

of very great importance.

It is interesting to note one of the first observations to appear

in the literature concerning the destructive action of sulfur com-

* pounds in the fuel on an engine's fuel system. A steel fuel line to a

S "tractor engine that had been broken as a result of purely mechanical

damage was replaced by a red copper tube. After 2 weeks, the copper

tube had been destroyed by corrosion. Analysis of the tube material

showed contents of 72.5% Oa, 5.0% C and 20.9% S. During 15 days' opera-

tion, 465 kg of kerosene containing 0.104% sulfur, i.e., 484 g, had
flowed through this tube.

*.... More or less profound breakdotm of the metal and formation of'
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various types of deposLt• that are tnso.ubie In the fuel may take place

during the process of metal corrosion by sulfur-organic compounds in

the fuel. Deposit formation is, of course, of greater importance than

A changes in the metal as regards ensuring reliable functioning of the

* .'. fuel system. Moreover, oorrosion can only formally be regarded in iso-

lation from fuel-oxidation processes, which are accelerated by the

metals and even more so by the products of corrosion. UndcP real con-

ditions, all of these processes are intimately interwoven and influence

each other reciprocally.

It has been established by prolonged stand and operational test-

ing of sulfur-containing diesel fuels with sulfur contents below 1%

that these fuels do not have any significant corrosive action on the

fuel-feed apparatus of diesels. However, even though these tests were

extended for 500-1000 hours, they were still not long enough to permit

detection of even traces of corrosion on the engine components as a

result of contact of these components with the sulfur-bearing fuel.

To ascertain the corrosive effect under the conditions of pro-.

longed contact between metals and diesel fuels, M.S. Smirnov and Yu.V.

Mikulin set up experiments in which plates of various metals (steel

"St. 3, steel 10, red copper and Br-S-30 lead bronze) remained in con-

* tact with fuel and fuel vapors for 2-3 years and longer at normal tern-

,, perature. The fuel was held in glass vats covered with black paper to

exclude the action of light. The results were evaluated by photograph-

ing the surfaces of the plates, inspecting them visually, and weighing

them. Three fuels were compared: a low-sulfur fuel (0.18% sulfur) con-

* - forming to GOST 4749-49, a fuel with a 0.89% sulfur content in accord-

ance with VTU 488-53 and an experimental fuel with a sulfur content of

S"", 1.25%.

,I The external appearance of the plates showed practically the same
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changes for all fuels. Zones on which the color had changed - from

yellow to green and blue - appeared on the steel; the copper showed

uniform darkening or isolated spots of a cinnamon-brown color and

poorly defined edges. The fuel containing 1.25% of sulfur produced in-.

distinct dotted corrosion on all of the metals. Table 49 lists the

41 changes in weight of the plates in g/m2 . The weight changes were of
the same order of magnitude for the steel and copper in all fuels;

only the lead bronze shows a considerably higher sensitivity to at-

tack by sulfur compounds present in the fuel. Plates left in fuel

vapors showed greater weight losses than the plates that had been

totally immersed in fuel. This is evidently to be accounted for by the

"combined action of fuel vapors and atmospheric moisture.

TABLE 49

Corrosion of Metals by Fuels in Prolonged Con-
tact at Normal Temperature

2Ropposnn, elI'

MeaaOCT 4749-49 BTY 488--58 TOUJIO OnunOe
(S=O.18%, 3,5 (S=0•89%, 3,5 (8=--5,ro:a xpauounx) roAp xpauenua 2 roA& xPaUfaMu)

r.2:a"a: • sa a snap- I'' "'=~~ nap.":-)U -A*

,CTab CT. 3 • . 2,14 1,54 2.34 - 4,00'""ac.a,,t :s: 3,9 ,0 4.03 3.08 3,,,
R•lpD &xp .- Me3 . 2,83,82.3 ,59 4,24."iGpon SP-30 -- 5.80 20- 2 - 212

1) Metal; 2) corrosion, g/m2; 3) fuel conform-
ing to GOST 4749-49 (S = 0.18%, 3.5 years of
storage); 4) in vapor; 5),in liquid; 6) fuel*, .... ,;. conforming to VTU M88-53 (8 = 0.89%, 3.5 years
of storage); 7) experimental fuel (S = 1.25%,
"2 years of storage); 8) steel St. 3; 9) steel
10; 10) red copper; 11) Br-S-30 bronze.

The typical curves oharacterizing the kinetics of metal corrosion

(Figs. 93 and 94) are of interest. In all cases, we observe a certain

gain in the weight of the plates after the first few months ap a result

,-. .<~ of formation of a sulfide or other film which then apparently peels
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Fig. 93. Influence of Fig. 94. Influence of
fuel grade on corrosion fuel grade on corrosion
of steel St. 3 plates. of lead-bronze plates
1) Fuel with S= 1.25%; (key same as on Fig. 1
2 fuel with S = 0.95; [sic]). A) Corrosion,
3 DS (GOST 4749-49). g/m2; B) plates totally
A) Corrosion, g/m2 ; B) immersed in fuel; C)
plates fully immersed in time, months.
fuel; C) time, months.

off or disperses in the fuel, with the result that the weight of the

plates drops noticeably. A. similar pattern was observed in the author's "°

experiments to investigate the mechanism by which certain sulfur and

phosphorus products act on metals - copper, cadmium and steel [3, 4].

"Influence of Chemical Nature of Sulfur Compounds on Their Corrosion
Properties

"Schmidt [5] showed that elementary sulfur has a rather strong ef-

fect on Cu, Ag and Hg and a weaker action on other metals; hydrogen

sulfide attacks Al, Zn, Cu, Ag, Fe and brass with formation of the cor-

responding sulfides. Similar conclusions were drawn from the results

of studies conducted by Wood and Scheely (6].

Schmidt prepared a solution of isoamyl mercaptan in petroleum

* (sulfur content 0.29%) and treated copper, brass and silver with it at

.'.various temperatures and for various times. He found that mercaptides

and sulfides formed. On addition of water and elevation of the tempera-

ture, corrosion was accelerated.
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It was established by the same studies that other sulfur compounds -

sulfides, disulfides, sulfoxides, sulfo acids, hydrogen sulfide and

thiophene - exert no-noticeable corrosive action on metals. Only in

the presencet of water and at elevated temperatures does corrosion be-

gin to show.

Massing and Koch (7] demonstrated the corrosive action of elemen-

tary sulfur on nickel; with a 0.02% sulfur content in the fuel, the

crystal structure of the nickel surface began to break up: the metal

peeled.

On the basis of his investigations, Kiemstedt includes the fol-

"lowing sulfur compounds among the corrosively aggressive types: ele-

mentary sulfur, hydrogen sulfide, mercaptans, sulfuric and sulfurous

acids, sulfo acids and neutral and acid esters [8].

It follows from even these first experiments that elementary sul-

fur, hydrogen sulfide, and the mercaptans are the most aggressive sul-

fur compounds among those present in petroleum fuels.

A.S. Broun and A.P. Sivertsev [9] summarize the problem of the

possible influence of sulfur compounds on an engine's fuel system in

the following manner. They write that the most vulnerable points in

the engine are its copper parts, particularly with respect to sulfur

and hydrogen sulfide. Copper tubing is most sensitive to corrosion,

and is followed by various copper-alloy components such as screens and

the carburetor. The result is formation of a copper sulfide which, un-

fortunately, does not form a tough film like lead sulfide, and peels

off after an extremely short time, to be carried away by subsequent

* portions of fuel and olog the fuel-read system.

While hydrogen sulfide and elementary sulfur react rather rapidly

with copper, the mercaptans are less active in this respect; thus, the

mercaptans form only a slight iridescence on a polished copper sur%•..
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Fig. 95. Influence of elementary
sulfur on corrosive aggressive-
ness of fuels. I) Baku kerosene;
II) Grozny kerosene; III) kero-
sene produced from sulfurous
petroleum. A) Deposition on

metal, g/m2 ; B) weight loss,
g/m2 ; C) elementary-sulfur con-
tent, %o

3If, on the other hand, the fuel contains even traces of elementary sul-

fur in addition to the mercaptans, their action is intensified notice-

ably.

When mercaptans and elementary sulfur act jointly on copper,

bright layers with different colors - red, green and so forth - form

on its surface. Sulfur and hydrogen sulfide form • dull do-osit on a

copper surface; in its dry state, it resembles graphite. In the major-

ity of cases, however, copper sulfide forms a steel-blue deposit. Addi.

tion of alcohol to a corrosively aggress.S '" fuel intensifies corrosion,

although only to an insignificant degree t9].

V.N. Zrelov (10] notes that when mercaptans are present in a fuel

in quantities greater than 0.01% (reducedl to sulfur), together with

more than 0.002p of elementary sulfur, Intensive corrosion of copper

- and copper alloys accompanled by formation of deposits that adhere to

"the metals and solid residues tiat are not soluble in the fuel is ob-
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served in the engine's fuel system at 120

Figure 95 shows the results of experiments with kerosenes of vari-

ous origins to which elementary sulfur had been added. It may be seen

that the corrosive effect with respect to bronze, which is insignifi-

cant for elementary-sulfur contents lower than 0.002% in the fuel, in-

creases sharply as the content of sulfur is further increased. Simul-

taneously, the quantity of deposit noted in the fuel ii.creases; this

"is copper sulfide [10].

The formation of gelatinotz deposits in the fuel systems of

engines operating on sulfur-containing fuels is regarded by a number

of foreign authors as the result of a reaction between the mercaptans

present in the fuel with the copper or copper alloys from which the

k • fuel-system components are made. It is emphasized that disulfides do

not form such deposits at normal working temperatures. These gelatinous

deposits do not dissolve in ordinary solvents and, as a result, can be

eliminated from the fuel system only ma•nually after disassembly of the

entire device.

Analysis has shown that these deposits, which resemble lubricat-

Ing greases, consist basically of the fuel, products of its oxidation,

and copper mercaptide, which acts as a thickener. Water is a persistent

component of such deposits. A typical composition of ýhe deposits (in

% by weight) is as follows,
i-;:: •ez95.0

Coprmercap tid ...de.

Oxidation product ......... .... 2.

h~~tr.. ,~ ...~~ ~4t05*** 1.0

Tho coppedr mercaptide Isolated rrom the de.•sit had the follcwing

elementary compositicna: C1211SCu.

"The investigations were carr.ed out on a laboratary mci
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which the fuel cirJTulateid for 2 weeks through.a filter with' a metallic

(bronze, brass or copper) screeni. At'the end of th' estthe filter

was treated with acid, followed by titration of the mercaptide that

had been separated in order to determine the weight of the copper mer-

captide that had formed.

The following interesting conclusions were drawn [11].

1. All mercaptides present in the fuels form copper mercaptides

under appropriate conditions.

2. At normal working temperatures, the disulfides do not form the

gelatinous deposits described above.

3 The 'largest quantity of deposits is obtained, all. other condi-

tions the same, on brass and bronze filters. The deposits formed on

copper filters represent 1/24 to 1/6 this amount.

4. For a given high mercaptan content, direct-distilled fuels

form smaller quantities of deposits than fuels produced by cracking.

5. The largest quantities of deposits are obtained in mixtures of

"mercaptan-containing fuels from direct distillation and catalytic

cracking. In this case, the quantity of gelatinous deposits is at least

2 times as great as the sum of the deposits obtained in each of the

fuels used alone.

6. Even when present in small quantities, water contributes to

the formation of the gelatinous deposits described above. Distilled

"water has this property to the lowest degree, while water containing

free alkali manifests it most strongly. Sea water occupies an inter-

mediate position in this respect. In general, the higher the pH of the

water, the more aggressive will it be as regards deposit4 formation.

"Tests of a number of fuels under operational conditions fully

confirmed the results of laboratory investigations, the only differ-

ence being that 3-4 times as much of the deposits was formed in a given
333
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period of time during operation than in the

,I •laboratory.

"Yu.V. Snitserov, V.S. Demchenko, and A.S.

Gorshenin made investigations of a number of

. fuels by a method which they developed, using

the instrument shown in Fig. 96. 100 ml of

the fuel to be tested were poured into a test

.,..tube having a tube injector with a 40 x 10 x

x 2-mm metallic plate suspended from it. The

plates were first polished, washed in benzene,

dried and weighed. During the experiment, the

plates were continuously washed with a fuel-
"Fig. 96. Apparatus
"for determining cor- and-air emulsion.
rosion aggressive-
ness of fuels. 1) Table 50 shows the total and mercaptan
Test tube; 2) tubing;
3) metallic plate. sulfur contents in the fuel specimens tested,

while Fig. 97 shows the results of tests of

fuel specimens on VB-24 bronze at 1200 with a 20-25-ml/min supply of

air.

Fuel No. 5, which contains the largest quantity of mercaptans,

*,. produced the most rapid corrosion; however, fuel No. 1, with its small

total sulfur content and negligibly small mercaptan content was di-

rectly behind Alt in corrosive aggressiveness. Together with this, the

experimental fuel (specimen 8) produced very little corrosion in spite

of its very high total sulAur and mereaptan content. The above indi.

cates that the sulfur content and, in particular, the mercaptan eon-

tent in a fuel (when the structure or the latter 4s unknown) are not

tiufcient to characterize the corrosive aggressiveness of a Nuel.

I.Ye. Bespolov et al (12] studied the corrosive effects of TS-.

and T-2 fuels containing from U.12 to 0.3CO of total sulfur and f-"

3- 4-

. /:.. .. . . . . . . . . ..

t.•.•J " "" -' '" ""'"""'•" " "'""".. .""."".. .".".. . .".. . . . . . . . ". . . .... . . ." " " ".. .. .



, "TABLE 50

Characterization of Test Fuels

2' A% 6paaita

1 2 3 4 6 7"

C -U, S e p % I 0.123 0,120 4 0,13 0,247 0

pat % .... .. 0,0008 0,0030 0,0034 T 0,040 0,010 0,0007 0 0

1) Index; 2) specimen No.; 3) type of fuel; 4)
TS-1; 5) experimental; 6) sulfur content, %;
7) mercaptan sulfur, %; 8) none.

* 1I

14-.
,.,l _ 7-!
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"B /popoIgumenJoem6 u-ynemt#u, va,

Fig. 97. Influence of mercaptan
and elementary-sulfur nontents
in fuels on corrosion of VB-24
bronize. 1) TB-i; 2) T-2; 3'1 T-2;

4) TS-i; 5) T-4; 6) T-l; 7 -ex-
perimental. A) Corrosion, g/m
B) duration of test, hours.

0.002 to 0.05% of mercaptans on copper and VB-24 bronze at 60 over a

"period of 100 hours. The experiments showed that the corrosive aggres-

siveness of fuels TS-l and T-2 toward bronze when they contain less

than 0.01% of mercaptzns is approximately the same. With higher meroap-

- tan contents (U-m 0,-ý.2 to 0.050%), the aggreesiveness of T-2 fuel is

"higher than that- 6,4 TS-i. -i"ts higher aggressiveness of T-2 fuel was

- also observed I n the e•Jx~ nts with copper. The authors show by di-

rect Llperimenr that th's ..s con•eoted with the presence of low-moleoular.
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weight mercaptans in T-2 fuel (with its broad fractional composition),

these compounds being absent in TS-I fuel.

* TABLE 51

Corrosion of Nonferrous Metals
and Alloys in Fuels for VRD

2 HoppO3MI 8 xepocnve,

MaTepnan
npotoii nopo- TOpMu'Iecxoro

____________ 3 ro 1ri 4 NPeixnra

-. Irpona.3,8 5,4
Ha'-' 1,8 1,1

.. .'. ."..IH ,0o 0,8

1) Material; 2) corrosion in

kerosene, mg/10 cm2 ; 3) direct-
distillation; 4) thermal-cracking;
5) bronze; 6) cadmium; 7) zinc.

Special experiments with the specimens showed that on addition of

up to 0.002%. of sulfur (a quantity not detected by the copper-plate

test; GOST 6321-52) to TS-1 fuel containing 0.018% of mercaptan sul-

fur, its corrosive action on bronze was not intensified, while that on

"copper was intensified considerably. Even when 0.001% of sulfur was

added to the fuel, the corrosion of copper was increased by a factor

of 18. The corrosion was accompanied by a reduction in the mercaptan

S .-. , content in the fuels; here, this process continues in time up to com-

plete exhaustion of all mercaptaras present in the fuel.

The results of an investigation of the corrosive action of fuel

sulfwr compounds on cadmium are of interest. Cadmium coatings are used

extensively in fuel-pump parts for jet and other gas-turbine engines.

B.A. Englin et al [13] investigated the corrosi.,e action of fuels

containing various quantities of mercaptans on cadmium-plated steel

barostat springs. Fuels with the following mercaptan contents (in %)

were tested.
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SS ... ..... .. o0 o47

T-2..... .......... 0.052

Cracking kerosene .............. 0.059

• . .... ............. ....... ... 0.0005
" • T I0*0003

The fuels contained from 0.0004 to 0.0143% of water (ordinary

fuels contain from 0.003 to 0.008% of water). The springs were in con-

tact with the fuel for 10 days at operating temperature. The changes

"in the external appearance of the fuel and the springs, the change in

weight of the springs and the presence of deposits were evaluated.

There was no deposit in any of the dehydrated fuel specimens

"(water from 0.0004 to 0.0012%); the fuel was clear; the external ap-

pearance of the spring had not changed. In TS-1 (0.005% of mercaptans)

and T-1 (0.0003% mercaptans) fuels, the same pattern was observed in

the presence of 0.0046 to 0.0109% of water. In TS-1 and T-2 fuels with

0.047% and 0.052% of mercaptans, respectively, with natural moisture

(0.0054-0.0063% of water) and artificially moistened specimens (0.0098-

0.0110% of water), deposits had formed after 1-3 days of contact. A

decrease in the mercaptan content in the fuels was established in these

cases by direct determination. Analysis of the deposit showed 40.69% C,

8.19% H, 8.55% S, 12.27% 0 and 30.3% of ash, the latter containing

43.75% Cd, 10% Si, 7.5% Cu, etc. Consequently, a distinctly expressed

coirosion process is in evidence here.

These experiments were repeated by I.Ye. Bespolov and co-authors

on cadmium-plated springs with and without chromatic passivation. In

"the absence of passivation, gelatinous deposits formed, particularly

in cases of moist fuel. The mercaptide isolated from the deposit (28.5%

content therein) had the composition 46.7% C, 8.5% H, 16.3% S. 28.5%

*...- Cd. The use of chromatic passivation raises the corrosion resistance
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of the cadmium coatings noticeably [123.

"A cracking kerosene that contained 0.059% of mercaptans did not

"show any corrosive effect on cadmium in the expe.:iments of B.A. Englin.

In the opinion of the authors, this indicates an aromatic nature for

the mercaptans in the cracking kerosene, which, unlike aliphatic mer-

captans, possess a protective anticorrosive action. The authors account

for the damage to the cadmium surface, with formation of gelatinous

"deposits, by the presence of largely aliphatic mercaptans and water in

the fuel.

Statements as to the elevated corrosive aggressiveness of ali-

phatic mercaptans as compared with the aromatics are encountered in

many reports, although there are also data that contradict this affirma-

tion. In investigating the corrosive aggressiveness of cracking and

direct-distilled kerosenes, Ya.B. Chertkov [1] obtained the data listed

in Table 51.

Bronze corrodes more severely in thermal-cracking kerosene than

in direct-distilled kerosene, while zinc corrodes almost equally in

either.

The literature contains data attesting to the ability of aromatic

mercaptans to inhibit the fuel-oxidation process in the presence of

* i metals. It is noted in other cases that the presence of an oxidation-

promoting or antioxidant effect of aromatic and aliphatic mercaptans

*, depends on their concentrations in the fuel.

Proceeding from the premises developed by the author in connection

with research into the mechanism by which anticorrosive sulfur- and

phosphorus.oontainiq; oil additives aot [3, 4], it may be assumed that

aliphatic and aromatic mercaptans are aggressive toward copper and

other nonferrous metals, although the mercaptides that form are not

attached to the metal with the same tenacity. As a result, rapid peel-
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ing of the film that ha. fo.med takes place in some cases, so t.at new

zones of the metal's surface are exposed for corrosion, while in other

cases the film that has formed adheres tenaciously to the surface,

thereby preventing further progress in the corrosion process.

The experiments of S.E. 1reyn and G.S. Tarmanyan brought to light

the high anticorrosion properties of phenylethylmercaptan with respect

to lead and lead bronze. If such a film forms rapidly enough, the re-

sults include passivation of the metal surface, i.e., it ceases to

exert its catalytic effect on the fuel-oxidation process (4].

B.V. Losikov showed that elementary sulfur present in the col-

loidally dissolved state in sulfuretted oil forms a sulfide film very

rapidly and even at moderate temperatures on metals (copper, cadmium,

lead). This film possesses a distinctly expressed passivating action,

although its strength is not particularly high; it is easily removed

from the surface, exposing a new fresh surface to corrosion. It is pre-

cisely for this reason that sulfuretted oil has been found almost in-

effective (16, 17, 3, 4] as an anticorrosive additive component. It

* might be supposed that the result of the combined action of elementary

"sulfur and mercaptans observed by the present-authors is determined

not only by the nature of the latter and the metals, but also by their

concentration in the fuel and the external conditions - temperature,

time of contact, and nature of mechanical disturbances. This is obvi- -'

ously the reason for the lack of agreement in evaluations of the com-

parative corrosive aggressiveness of different types of mercaptans.

These remarks do not deprecate the importance of the unquestion-

. able fact that elementary sulfur and mercaptans are the most aggressive

components among the sulfur compounds of petroleum fuels and that their

aggressiveness is manifested even at extremely low concentrations in

.the fuel. Together with this, as we have already noted, cases are ob-
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,, served in which fuels - even fuels containing no perceptible quantities

- of elementary sulfur or mercaptans - exert a clear-cut corrosive ac-

tion on metals'. This is most often the case with high total sulfur

½i contents, but it sometimes occurs even with relatively small contents.

"% B.P. Kitskiy [18] reports that during a 150-hour test of an en-

gine on a gasoline containing 0.15% of sulfur and not having the prop-

erty of darkening a copper plate, the nozzle throughput increased by

8% as a result of corrosive wear.
Comparative Resistance of Metals to Corrosion by Sulfur Compounds in

Fuels and the Influence of External Factors on Corrosion

As we noted above, nonferrous metals - copper and its alloys, cad-

mium, lead, zinc and silver - are most susceptible to corrosion by sul-

fur compounds in fuels. Copper is evidently more resistant to corro-

sion than its alloys (certain bronzes). Iron and particularly unalloyed

- .- and alloyed steels are regarded as virtually immune to attack by sul-

fur compounds. An example that illustrates the differences between the

corrosion resistances of metals may be found in the data of Yu.V.

Snitserov et al as listed in Table 52. The comparative resistances of

* various metals may be Judged from the figures listed in Table 51.

But it would appear hardly possible to construct a scale in which

the metals are arrayed in order to their resistance to corrosion by

* -. ,. sulfur compounds. In the general case, this will depend on the nature

- _ of the sulfur compounds and their concentration in the fuel, and upon

external conditions - temperature, presence or absence of moisture,

extent of aeration of the fuel, and so forth.

The fact that numerous tests and long-term operation on diesel

"fuels with sulfur contents less than 1% have not turned up a single

case of corrosion or the fuel apparatus (plunger pairs, nozzle-atomizer

needles) by the fuels, even though the atomizer needles, for exam,'\. .
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"• • TABIY, 52
Comparative Resistances of Certain Metals to

IZ .)-corrosion (in g/m2) by Sulfur Compounds*

2 TC-1 (o p. 1) T-2 (o6 p. 3)

4.255500 T!6Y yza

CTa. 2XH3A ......... 7 HOT HOT HoT HOT
B Dpousa BB-24 INA... .. ...... 0,75 0,25 - -
Me MAh MJIKTpoa~lntecxa .. . . 1,03 0,89 0,58 0,43

A1 flpon3a BB-24 ..... ......... 3,36 1,36 0,78 0,74

11 ne C-1"' ~.. .. .. .. .. ...... 7,65 3,61 2,26 20US

*For numbers assigned to fuels see Table 50.
Experimental conditions: temperature 1200,
time 6 hours.
1) Alloy; 2) TS-1 (specimen 1); 3) with air,
25-50 ml/min; 4) without air* 5) T-2 (spec-
imen 3); 6) steel 12KhN3A; 71 none; 8) bronze
VB-24 NTs; 9) electrolytic copper; 10) VB-24
bronze; 11) lead S-1.

operate under conditions of elevated temperature, attests to the high

resistance of steels to the corrosive effects of sulfur-containing

fuels. Corrosion of diesel-engine fuel apparatus is not observed even

when fuels with even higher sulfur contents (1.25% and even 1.60%) are

used in them.

M4.S. Smirnov and V.N. Dneprov 119] conducted long-term tests to

determine the wear of plunger pairs in diesel fuel pumps during opera-

tion on fuels with various (below 1.25%) sulfur contents; these did
not indicate any difference in plunger wear in operation on low-sulfur

anid high-sulfur fuels. It should be noted, however, that all fuels un-

der discussion here contained relatively low mercaptan contents (0.006.

0.008%), a property that is, generally speaking, typical for diesel

fuels.

"Tests conducted by the same authors on the motorless stand shown

.* in Fig. 98, which was equipped with radioactive (irradiated) plunger

pairs, made it possible to detect certain differences in plunger wear,
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Fig. 98. Diagram of apparatus for estimating wear
on plunger pairs by radioactive-isotope: method.
i) Conversion unit; .2) mechanical counter; 3) in-
put unit; 4) air thermometer; 5) reservoir; 6)
cock for withdrawal of samples; 7) lead housing;
"8) counter-tube unit; 9) counter tubes; 10)
glass tube in line; 1) six-plunger fuel pump to

eZD-6. e.ngine; 12) BNK booster pump; 13) electric
"motorl• ;%-14) electri8""T' t66r-"starter; 15 )"'"slart ''•t-
ton; 16) rectifier. A) 220 VAC',; B) to 50-cycle
220 v AC line.

TABLE 53
Influence of Temperature on Rate of Corrosion
"(fuel I after Table 50)

1 ROppOwl (a */.Its) 1pIt rOMUopaaType (a

* ,* ' e. j120 140
I upoAo.IAtOIMLUOch UtclurTautR, naew

Uponl BB-2A 4 0.33 0169 0,58 1128 3.38 ,7 1068 4,7
~3JIOpoanTniftuxa 0.I 0Z1 0,38 0,65 1,03 I3r" 8~11

1) Corrosion (in g/m2 ) at temperature of (in
"Oc), 2) and test time in hours; 3) bronze
VB.24; 4) electrolytic copper.

at least for a fuel containing 0.025% of mercaptans and the same fuel

after elimination of the mercaptans. The results of these experiments

axe listed in Fig. 99. Here, curve 1 refers to the low-sulfur fuel,

234
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Fig. 99. Influence of mercaptan
content in diesel fuel on
plunger wear. 1) standard
diesel fuel; 2) high-sulfur
diesel fuel without mercaptans;
3) high-sulfur diesel fuel
with mercaptans. A) Impulses,
mi [sic]; B) time, hours.

which contained 0.18% of sulfur, curve 3 to the high-sulfur fuel con-

taming 1.0% of sulfur, of which 0.025% was mercaptan sulfur, and

curve 2 to the same fuel after complete elimination of the mercaptans.

Although no corrosion damage whatsoever could be detected in this case

Son the surfaces of the plungers and sleeves, the data obtained never-

theless testified convincingly to the ability of mercaptans to inten-

sify plunger wear to a certain degree., obviously through corrosion

.I processes.

The intensity of corrosion increases sharply with increasing tem-

perature. This may be seen from Table 53 (after YU.V. Snitserov et al).

Particular attention must be paid to this when the fuels are used

Sin the engines of supersonic aircraft, and in any other engine where

the fuel y t be subject to heating or the actual components of the

fuel zystem operate under conditions of elevated temperature.

- .Corrosion of metials by d agressive sulfur compounds is intensified

.*•: I in the presence of water, as illustrated by the examples given earlier. ..

I34
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It is evident that the presence of air also accelerates the progress

of corrosion.

Not only (and not so much) prevention of corrosion of the fuel-

system elements, but also prevention of formation of corrosion deposits

on their surfaces are of great importance in ensuring normal operation

of a modern engine's fuel system. Such deposits, which take the form

of dense resinous layers, form chiefly on nonferrous metals - cadmium,

zinc and particularly bronze. Such deposits are not formed on steels.

The basic cause of their formation is the presence of elementary sulfur

and mercaptans in the fuel. Other sulfur compounds - aliphatic and

aromatic sulfides and disulfides, as well as thiophene and thiophane -

form no corrosion deposits on metals.

CORROSIVE PROPERTIES OF COMBUSTION PRODUCTS OF SULFUR FUELS

Under conditions of the thermal-engine cycle, sulfur-organic com-

pounds of any structure form the sulfur oxides S02 and SO in addition3
to the products of oxidation of carbon and hydrogen as a result of comn-

bustion.

' The formation of SO in the combustion products has always been

Sunquestioned, while the presence of SO3 in the same products required

direct experimental confirmation.

In the production of sulfuric acid, oxidation of S02 into S03

does not take place readily, but requires creation of special condi-

tions - those of directional catalysis. The extent to which conditions

in the firebox of boiler installations or in the combustion chambers

of gas turbines and Internal-combustion engines may contribute to this

reaotion remained unknown.

One of the first indications of the presence of S03 among the com-

H bustion products of sulfur fuels in diesels is due to Cloud and Black-

1,,- wood (24]. In experiments run on three internal-combustion engine, ý" .
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different types, the auor.o noted, that C±'•m 60 to 90% of all the sul-

fur present in the fuel formed SO on combustion. These experiments

"indicated that SO2 did not produce such grave consequences as SO3 , the

i action of which resulted in accelerated wear and in the formation of
.%%.

varnishes on the piston and cylinder walls.

i The results of these experiments were discus3ed later in a number

of reports [20-22]. The opinion was expressed that although the forma-

tion of S03 in combustion of high-sulfur fuels may be regarded as es-

tablished beyond question, there remains doubt as to whether the quan-

tity of 30 is actually as large as has been stated. An analysis of

exhaust gases carried out by a number of investigators showed that the

percentage content of S30 detected in them depends to a major degree

on the point at which the gas sample was taken and the method used i.

* .taking it. Here the hypothesis was advanced that conversion of the

"* lower oxide into the higher is possible as a result of the catalytic

action of the metallic surfaces and, consequently, may take place not

• -only on the walls of the cylinder sleeve and piston, where this reac-

Stion is least desirable, but also on the path from the combustion chain-

ber to the point at which the sample was withdrawn. For this reason,

"analysis of the gas for its SO2 and SO3 contents - no matter where the

* ,gas sample was taken - does not give a complete conception of the ac-

tual scales on which the higher oxide of sulfur is formed [25). Never-

theless, the presence of ooth S% ,and S03 in the combustion products.

of high-sulfur fuels need not be questioned.

The corrosive action of sulfur oxidea on metals may be manifested

under two essentially different sets of conditions: 1) al low and mod-

erate texperatures and 2) at high temperatures. In the formre, case, we

" shall be deaifJW, with low-tenkoerature corrosion and in the lat,.er case

With high-temperature corrosion.
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t L. V. Malyavinskiy and IL A. Chernov

"(261 present a typical curve of combus-

"tion-chamber corrosion as a function of

the teqperature of the surface being

corroded (Fig. 100). Here I is the re-

gion of electrochemical corrosion taking
Fig. 100. Combustion-
chamber corrosion as a place under an extremely thin adsorption
function of temperature
of corroded surface. 1) or visible film of electrolyte, and II
"Corrosion; 2) tMr; 3)
.tot; 4) temperature. is the region of dry chemical gas corro-

sion.

The possibility and intersity of vapor condensation onto the sur-

face at a given water-vapor concentration in the combustion products

. depends on the surface temperature. If the temperature is above the

. critical (tbr), i.e., above the "dew point," no condensation occurs.

As the temperature of the surfa.-e diminishes, the possibility of con-

densation increases.

As is indicated-by the curve in Fig,. 1CO, the rate of electro.

chemical corrosion increases sharply with diminishing temperature. The

"rate of gaseous corrosion increases with diminishing temperature, but

not very fast. The speclfic importance of electrocheriual and chemical

* "- corrosion demadc on the device Ui which the Luel is burned and the

conditions urider which it burtw, but, as a rule, low-temperatre elec-

trochemical €rroz•ron is the Seater dwkger in int•ernal-combustion

e ngies and ir. the boilers or sf n 1mLnstaations.
-, u a• c er tanis problez In gater detall as it applles to

the *"a@ or sulfu 4u~1 ca lon.

As vw ,maw already staeted, tho Intlial product of ruel-sulfur 00-

" bttion .4L sulfur dioxide, hichi, mtacting with t"e oxce*s oC ovgý

7 ._ eNent 1n the boilel r combus-tion ah='be%,, ts Ox'dez . .,
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sulfur anhydride in accordance with the equation

SO2 + 1/202. SOS.

30 ',s 3  0
}'s It - /-.

A 0,9 49 5 9,O7s. f A 4z5 Aso .o0.f 4? oB N1epyje #e, % b B #eo, %

sot Is 73

r50 8tS
,.* 40 • ...-. -,

"20 - -

A I t 0 750 25 5U 7$ tooS.. .'B #•p~# A', % • B 1l~p~qx N, %,

Fig. 101. Influence of ammonia on SO and SO3

contents in exhaust gases. a) 2Ch-8.5/I.I engine
(fuel with S = 1.25%); b) lCh-10.5/13 engine
tfuel with S = 1.6g). I) Without addition of
ammonia; II) with delivery of 3 liters/hour of
ammonia. A) Content of SO2 and S03, mg/150

"liters; B) load Nej %.

"Given adequate time, this reaction proceeds until an equilibi'ium

has been reached; this depends on the partial pressures of the sulfur

"dioxide and oxygen and on the temperature of the gaseQ r27].

Adequate data are not avai2able on the question of the rate of

tne reaction in which SO oxidizes to SO under the conditions of
2 3

thermal engines; however, it may apparently be assumed that the rate

of the reaction increases with rising temperature over a broad tempera-

ture range. An indireut but convinicing piece of evidence in favor of
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i"t 1 fle•eperpemw7 fla this is presented by the data of Fig. 101,
"21 a and b, which were obtained by L.A. Alek-

sandr6va in simultaneous determination of
4t the quantities of SO2 and SO3 in the exhaust

5 gases of diesels operating on a. fuel con-

___ _t taining 1.25% and 1.60% of sulfur. It may

h2 "" .. be seen that raising the load on the engine,

Fig. 102. Saturation
line and dew points of which always involves a rise in the cycle
mixture of H2 0 + H2 SO4  temperature, results in a consistent in-

"for total pressure. 1)
Superheated vapor; 2) crease in the fraction of SO3 in the com-
dew line; 3) moist
vapor; 4) boiling line; bustion products of the high-sulfur fuel.
5) liquid.

Under any constant set of conditions

(excess of air, fuel-feed rate) and gas temperature T, the quantity of

"SO formed during a time - will be equal to3
.SO,3 I (T, Y).

The formation of sulfuric &nhydride in the combustion prbducts is

reflected in the tkr - the temperature at which condensation begins on

the surfaces in contact with the gas.

Since the vapor pressure of sulfuric acid is considerably lower

than that of water at a given temperature, the dew point (the tempera-

turue at which condensation begins) for it will be considerably higher

'.i " than might be expected solely on the basis of the water-vapor content

In the gases.

Sulfuric anhydride forms sulfuric-acid vapor of the corresponding

concentration on -eaction with the water vapor in the •ombus•4on prod-

ucts. An a result, a system composed of two condensing components (H20

and H2S04) is produced in the gases. The behavior or this system with
Svarying temperature is chaoracterized by a diagram (Fig. 102) nonstruct-

in the coordinates t. %S03 for a particular value of the vapor'-mi.t, r•
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pressure.

The upper curve (dew point) separates the superheated-steam region

from the wet-steam region, while the lower curve' (boiling line) sepa-

rates [the latter] from the liquid region. Point a corresponds to an

So3 content of 0, i.e., to pure water vapor, while point b oorre'sponds

to 100% H2 SO4 . In other words, a is the dew point of water vapor, and

b is the dew point of 100% H2 S04. It may be seen that even insignifi-

cant contents of SO in the vapors produce sharp increases in dew3
point as compared with that of pure water vapor, and that the conden-

sate deposited'when this happens-is-sulfuric acid of one concentration

or another [28].

-M.S. Smirnov used the device [19, 28] whose diagram is shown in

Fig. 103 to determine the dew point of the combustion products of sul-

fur-containing fuels in diesels. The device consists of a row of paral-

lel, sequentially connected tubes made from tinplate and installed in

a tank with coolant water. The exhaust gases from the engine's exhaust

manifold enter the first tube on the left and, passing through all of

the tubes, are released into the atmosphere. The temperature of the

combustion products is mtasured simultaneously by six thermometers.

Whien heat is withdrawn from a gas that is not saturated with water

vapor, its temperature will drop approximately linearly with diminish-

In g heat content. When the gas temperature reaches the dew point, mois-

ture begins to precipitate and the latent heat of condensation is re-

leased. This will be expressed by a break in the cool~.ng curve that

will charaaterize the dew point.

Figure 104 presents the cooling curves obtained by . S. Smirnov

"for the combustiirn products of fuelz with various sulfur contents as

produced by a 30-6 engline, which operated in all cases at full power.

For fueit containing 0.9, 1.0 and 1.25% sulfur, the dew point lies in

*. i -349



SA Bxo#' C

,,44

IV-

Fig. 103 Diara ofaprtsfo eemnn

'1:""Ax.5 /

:."F.I0.Dlag'reuad of ap atsf odermng

dew point of combustion products in diesels.
1) Tube for introduction of combustion products;
2) thermometers; r) rubber stoppers; 4) valve
for drainage of coolant water; 5) glass stop-
"cocks for drainage of condensate; 6) coolant-
water tank. A) Gas inlet; B) coolant-water in-
let; C) gas outlet; D) coolant-water outlet.

the range from 110 to 1300. For a fuel containing 0.18% sulfur, the

dew point is 58°. Consequently, all other fuel-combustion conditions

the sane, a consistent dependence of dew point on fuel sulfur content

is established.

. .. 'Teasurements made by the same author indicated that in all operat-

"in& modes of the 3D-6 engine, the cylinder-sleeve temperature is 100

to 110 at the top and bottm and 60 to 950 in the middle part, whioh
"" ,. is ost efectively cooled, i.. given these relationships between

the temperaturea of the cylInder liners and the dew points of sulfur--

fue2 combustion products, formation of sulfuric acid is inevitable :..
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[-"-]Fig.lOi0. Dew point for fuel products of corn-th0 z7107707 o #Sot' 7fl0 720 M710 072 Ml72 77V0? 7 M SAP 47141 ZV721 7Z#

bustion. 1) Sulfur fuel (1.25% salfur.l 2) sul-
fur fuel (1% sulfur); 3) sulfur fuel sul-
fur); 4) low-sulfur fuel DS, GOsT 4749-49
(0.18% sulfur). A) Gas temperature, 0C; B) dis-
tance between thermometers in tube, mm.

only in the crankcase, but also on the working parts of the cylinder

liners.

The influence of the air excess and the residence time of the mix-.

ture in the high-temperature zone on the dew point is extremely strong.

"Figure 105 presents the results of dew-point measurements made for a

number of fuels with various sulfur contents and air:fuel ratios, as

obtained in a miniature combustion chamber - a model of a gas-turbine

combustion chamber (29]. The dew point and, consequently, the sulfuric-

" -' anhydride content in the combustion products increase sharply as the

sulfur content in the fuel increases from zero to 1%; as the sulfur

content rises from 1 to 4%, the dew point continues to rise, but does

so somewhat more slowly. The dew-point depression with increasing ex-

cess of air is produced precisely by the drop in the SO concentration

in the combustion products. Although the rise in the oxygen partial

pressure contributes to formation of S03, the increased speed of the

gas resulting from its increased volume and the shortened residence

time of each gas molecule in the high-temperature zone offsets the ef-

feots of the first factor.
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* was found to be below 1000. As a rule, the

problem of low-temperature corrosion is unim-
/ enepsa~sa ,

'"" '/B portant for these engines because of the

, / , high gas temperature in the exhaust, although

. further utilization of the lost heat, as in

* / utilizer boilers, may create conditions for

...A• tte appearance of low-temperature corrosion.

o . 'CORRCSION OF PYSCIPROCATING INTERNAL-
COMBUSTION ENGI1E COMPONENTS

80 100 :20 The presence of eulfur and its compounds
fD Temrneom'wpa. Ic

"Fig. 106. Change in in fuels used in reciprocating internal-
"saturation tempera-
ture of water vapor combustion engines may cause low-temperature
over piston stroke
in lCh-lO. 5/13 and high-temperature corrosion.
diesel. 1) Tempera-
ture along genera- The possibility of condensation of water

S-trix of cylinder at
1500 rpm; 2) tempera- or sulfuric-acid vapor on the surfaces of the
ture along cylinder
generatrix at 900 engine components depends on the temperature
rpm. A) Piston- .
stroke, amm; B) sat- of these components and external conditions:
urat -on temperature;
C) N6 = 10.2 hp; D) the moisture content of the gaseous combustion

0timperature, C°. products, their SO content, the temperature

and the pressure. For the cylinder-and-piston group of the engine,

which is the basic target of low-temperature corrosion by sulfur-fuel

combustion products, these conditions change continuously together

with changes in combustion-chamber volume and the state of the gases

as a result of the reciprocatine motion of the piston. The experimental

results obtained by L.V. Hialyavinskiy and I.A. Chernov (26] in a

Cih-0.05/13 diesel, which are showrn in Fig. 106, may serve as an illus-

tration; they show the change in the saturation temperature of the

water vapors over the engine's piston stroke with (solid lines) and

S"" without (broken lines) consideration of the vapor content of the air.
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At 900 rpm, the condensation of moisture from the combustion products

is possible over the entire height of the cylinder sleeve, while at

1500 rpm, it may occur at its top. Figure 107, a and b, gives analogous

curves for the GAZ-51 and M-103 carburetor engines.

Irrespective of the presence of sulfur-combustion products in

the gases, the presence of water vapor and carbon dioxide and their

condensation on the engine's cylinder walls may produce a corrosion

process. A sharp increase in piston-ring and cylinder-sleeve wear with

diminishing temperature of the latter was distinctly demonstrated by

the experiments of Williams [32], as well as in the tests conducted by

"Kendall and Greenshields (33].

1 MAJ-51
A;:: d )/

2 2
b

,-.Fig. 107. Variation of saturation temperature
-•:of water vapor over piston stroke in engines.9.a) GAZ-51 engine; b) M-.-03 engine. Al. AV A)

Wall temperatures of cylinders 4* 5 and 6 at
v2100 rX*: A 1, A12, A' same at 700 rpm. 1)

SGAZ-51 2) temperature,, C.

;.2ne.n 303 le presnnt in ".0 g~oa~,wion produots,, the saturation

.: temperature is shifted Into a region of' even hig•her va-lues, so that

*.,

S condensation of sul07ur. i acid on the cylinder-sleeve walls is made

ae eeeasier.ge A A A

10,A- A35) s

17)'e,
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Fig. 108. Influence of sulfur
content in gasoline on cylin-
der-sleeve wear. 1) Wear, %;
2) sulfur content, %.

As a result of the thermal dynamic aiud design peculiarities of the

various reciprocating engines, sulfur in the fuel produces more rapid

corrosion and wear of parts in the cylinder-piston group of carburetor

engines than in diesels, in water-cooled engines than in air-cooled

engines, and in stressed .engines with high compression ratios than in

less highly stressed engines. Greater corrosive wear is also charac-

teristic for engines operating at low speeds, with frequent starting

and sharp transitions from part load to full load.

In stationary low-speed engines with thick and consequently hot

cylinder-sleeve walls used in steady operating modes, cylinder corro-

sion and wear arx moderate even in operation on fuels with very high

sulfur contents (up to 3.0-3.5%).

I.vestigating the influence of sulfur content in gasoline on the

wear of cylinder sleeves and piston rings in a single-cylinder engine

with a bore and stroke of 85 mam, Williams (34] fou-d that an increase

in sulfur content erom 0.01 to 0.08% approximately doubles the rate of

wear.

"Cattaneo and Starkman [351, who studied the influence of sulfur

"at contents from zero to 0.4% in the gasoline on wear in a Chevrolet

engine at a cooling temparature of 350, established a linear relation-
*%- *

ship for wear as a function of sulfur content. According to these au-
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thors, wear approximately doubles when the sulfur content rises from

zero to 0.1%.

Figure 108 shows the influence of increasing sulfur content in -

the gasoline (from 0.05 to 0.35%) on wear of an engine's cylinder

sleeves in 220-hour tests (acccrding to N.S. Semenov (36J). An increase

in sulfur content from 0.05 to 0.10% doubles the rate of wear. It was

shown by the same tests that the increase in the clearance at the cor-

"pression-ring joint reaches 250-400%.

Many investigators [19, 24, 37-41] have studied the influence of

sulfur in the fuel on wear in diesels. The results of their investiga-

"tions are summarized in a series of monographs that have been pub-

"lished in recent years (19, 35, 38-40]. The consensus is that as the

sulfur content in a diesel fuel rises from 0.2% (fuel from Baku petro-

leums) to 1.0-1.2% (fuels from petroleums of Far Eastern fields), wear

of the diesel's cylinder-and-piston group increases by a factor of 2-6.

The factor by which wear is accelerated depends on the type of engine

and the conditions under which it is operating.

"The results of tests of a series of "domestic automotive and trac-

tor engines on fuels with various sulfur contents (Table 55) as sum-

"marized by N.G. Puchkov [39] may be used to illustrate the above. The

- tractor engines (KDM-46 and D-54), which have small ratios of cylinder

working surface to cylinder volume, are less sensitive to attack by

products of sulfur combustion than the highly stressed YaAZ-204 auto-

motive engine.

Table 56 presents data of 1.S. Smfrnov (19] that characterize the

. wear of the princ alp pa"ts of a lCh-i0.5/13 entine after 500 hours of

operation on fuels with various sulfur content3.

All of the above applies to high-speed highly stressed diesl.

The low-speed heavy-duty marine and stationary diesels operate d" "
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TABLE 55
Wear of Cylinder Sleeves with Various Sulfur
Contents in Fuel

"1 2 ritanoc 1MnuMpon (U .AN) npn coMopMauun cepi
raTQak JoTO.'IHOU T6 D Tctonaln ,

"¼'. 0.2 06 1,0

4 CTORUAOD
5 1A3-204 550 vac. 9 100 H5 140 M-

A- J-35 1000 * -39 - 70 -
-x. •,.*,fl•-54 1000 . 30 64 -

.1,-46 1000 48-5 j -

Sl l J•cn~syarahluo.uo ncnuIianua
5R X3-204 1000 k-4, 1C 5,6 4,5 8,6 -

","1A3-204 1000 , 3,0 6,5 - 16,2
",A-35 103 ac. 230 280 440 -

1-5420 150 --
10M-46 1000 • 50 70 90 -

i) Engine; 2) duration of tests; 3) cylinder
wear kin 4) for sulfur content in fuel of r%];
4j bench tests; 5) YaAZ-204; 6) D-35; 7) D-54;
8 KDM-46; 9) hours; 10) km; 11) operational
tests.

ably on fuels with sulfur contents up to and above 3%. Steinitz [42]
explains this in terms of the gmeat thickness of the cylinder walls

and the presence of a special lubrication system in which the oil is

fed directly onto the cylinder wall. This accounts for the long ser-

vice lives of the engines - up to 15,,000 hours without overhaul for a

total time as long as 20 years.

It milht be thought that the increase in engine wear observed

with the use cf high-sulfur fuels results not simply from the corrosive

action of the combustion products. Intensified scallng and varnish
formation on the hot components of the engine are generally observed

when this happens- this contributes to burning-on or at least reduced

mobility of the piston rings. As a rule, the scale that forms is harder

"than that fornred in operation on low-sulrur fuels, and this may also

*-S be a cause of accelerated wear.
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TABLE 56
"Wear on Principal Components of
,Ch-10.5/13 Engine after 500 Hours of
Operation

1 .taan paGoTo 3a ronan-
mo c coacpmKanieo

copa, %

0,18 0190

r * r~nas nnnta.. ............ 0,02 0.08
.. !opmenb . . .a.yn ..... .......... .. 0,02 0,0,

Bapxin yna maTyn a .. . ....... ..... 0,0 0,00
7 IllaTyliaR mc1Ma noasennToro zaaa . . 0,005 0,013

8 ICnnpeccuouNue xo.~a
9 YnenWiMnne aaaopa . C• 0,10 1,23
1 oTopna Beco . .. . . ........ 0,26(s) 0,79(s)

12 YzeaJnneule 3SMOP& B CT..e 0,25 0,53
13 lloTepa a wece ..... ............ 0,1 (t) 0,22 ()-• 1J

"1) Component; 2) wear (in mm) during
operation on fuel with sulfur content
"of [%1J 3) cylinder sleeve; 4) pis-
ton; 55 connecting-rod bearing insert;

*".. 6) top-end bushing; 7) crankshaft
journal; 8) compression rings; 9) in-
crease of gap at Joint; 10) weight
loss; 11) oil-control rings; 12) In-

,.' crease in gap at Joint; 13) weight
loss; 14) grams.

Nevertheless, corrosive wear is of fundamental importance, as in-

dicated by the infl'ence of coolant-water temperature on wear rate

that has been observed by all investigators. The data of B.B. Genbom

[37J. whicb are given in Fig. 109, may serve as an example. Wear

* . '. doubles as the coolent temperature is lowered from 90° to 300. For a

fuel containi.% 0.7% sulfur, 'Hoore and Kent (33] showed that a chanze

in uooant-watw temperature from 710 to 380 results in a 3- to 4-fold

in-xease in the rate of piston-rin& wear. Consequently,, the role taken

by low-temperature corrosion in acceleratin% wea=' of the engiil' .. -

"Inde.--and-piston group in operation on high-sulfur ue1 may be re,--
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aa established beyond question.

OFor internal-combustion engines operat-

"ing on high-sulfur fuels, it appears that

"high-temperature corrosion is not of grave
,,.i•importanoe. "solated cases of exhaust-valve

10 20 oja40 so corrosion have been observed in operation of

• B Pa6orna, . diesels; however, this corrosion never as-
Fig. 109. Influence
of coolant-water sumed catastrophic dimensions. It is charac-
temperature on rate
of wear. I) Sulfur teristic that, in analyzing typical causes of
content in fuel
0.995%; II) sulfur valve failure and malfunction in his mono-
content in fuel
0.127%. A) Wear, g graph, K. Georgi (33] makes no mention at all
of Fe; B) hours of
operation. of high-temperature corrosion of the valves

by combustion products of sulfur fuels.

"The following observation is also of interest (431: long-term

comparative tests of two gasolines with sulfur contents of 0,06-0.14%

and 0.25-0.30% were run on 62 motor vehicles of various types operat-

ing under different loads and under a variety of climatic and road con-

"ditions. The following results were established.

1. The high-sulfur rasoline had no detrimental effect on the op-

eration and service life of the valves.

2. Muffler service life and exhaust-system corrosion re the

same for operation on either gasoline.

3. Pliton-rinG i&d cylinder-sleove wear in operation on the high-

sulfur &aoioilne under low-load conditioa, with frequent startina was

2-5 timou that observed 'i'n operation on tha fu4el ccntainiS less su-.

-ur. Wear was the s".-e in operaion ut-der heavy ioads on lorg runs.

• Somewht diffei'nt ce Ius ions were r'rived at by X. S. Hmayya,

who showed 14-1at at the temperatues prevailing on the friction uv---

facev of V10 ei Ir'.. cylind-ar-and-p-.ton group (100-150°), Saseous

.)*%Aas o h .... **.+
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Bsulfuric anhydride may be a direct cause of corrosion and increased

wear (44). However, the results of these experiments, which were per-

formed on a laboratory simulation apparatus [45], can hardly be trans- ,.

- ferred directly to an engine and, moreover, the possibility is not ex-

eluded that oxidation of 302 to SO took place under the conditions of
2 3

the experLment.
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Chapter 13

COMPOSITION AND PROPERTIES OF BASE FUELS AND COMPONENTS

Commercial grades of various fuels, as a rule, are mixtures of

"two, three, or more component parts. That particular component which

makes up the greatest portion of the fuel composition is referred to

as the base fuel.

To improve the physicochemical and operational properties of the

base fuels, a whole number of substances are added to these fuels,

and these substances can be divided into three basic groups, depending

on the nature o! the reaction and the quantity added: components, ad-

ditives, and antiknock additives (see Chapters 13 and 14).

" Components are added to base fuels in quantities ranging from 5

to 40%; additives are added in quantities of 2- 5% to improve anti-

Sknock properties; to raise the cetane numbers, additives are added in

quantities ranging from 0. 5 - 3%; in order to improve the operational

pi-operties of a fuel, additives are added in quantities ranging from

0.004 to 1 - 2%. The quantity of antiknock additive added to a fuel

does not exceed 0.2 - 0.3%.

BASE FUELS

Products of various petroleum-refining processes are employed as

base fuels, and we have reference here to such processes as direct

distillation, theprmal and catalytic cracking, catalytic reforming, hy-

drogenation of coal tar and heavy petroleum residues, synthesis from

cawibon monoxide and hydrogen (water gas), and the processing of

shales.
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The above-enumerated products differ markedly from one another in

terms of their physicochemical and operational properties. It should

be borne in mind that one and the same product may be used to obtaln

certain fuels which are to serve as base fuels, whereas others are to

be used as fuel components. Below we present a discussion of the prop.-

erties of all the products from the basic processes in the refining of

petroleum and othe. raw materials, regardless of whether or not these

products are used exclusively as base fuels or whether employed pri-

marily as a fuel component.

Products of the Direct Distillation of Petroleum

The following products from the direct distillation of petroleum

serve as base fuels: gasoline3, ligroins, kerosenes, gas oils, and

solar distillates.

75

7-t
S65.

Ato 10 1I40 0D

Fig. 110. Effect of end of boiling or
90% distilled temperatures on the octane
number of these gasolines [11. 1) Gaso-
line from heavy DMalgobek petroleum; 2)
direct-distillation gasoline (90% distill-
ed); 3) gasoline from Groznyy paraf-

* . f--'c petroleum; 4) gasoline from T\ay-
mazY petrolum 5) sy tio 6) thermal-

* * cracking gasoline (90%disil~led )~7
catalytic-cracking gasoline distill-
ed); 8) catalytic -ref orming gasoline
(90% distilled); A) Octane number (motor
met hod)-~ B) temperature, 00.

Direct-distillation gasolines are used for aviation and autono-

Ave gasolines; digroins are used fom: fuels in carburetor tractor:a-
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kerosenes are used primarily for jet and diesel fuels; gas oils and

solar distillates are used primarily for diesel fuels. Direct-distil-

lation products such as heavy ligroin or a wide fraction boiling over

* within a range of from 60 to 2800 may be used as fuels for turbocom-

pressor air-reaction engines.

The majority of the direct-distillation gasolines consist pri-

marily (90 - 95%) of paraffinic and naphthenic hydrocarbons. The aro-

matic-hydrocarbon content does not exceed 5 - 9%; the gasolines from

the Verkhne-Chusovskiye Gorodki petroleums, containing from 30 to 50%

aromatic hydrocarbons are an exception, as are the gasolines from the

"Maykop petroleum which contains up to 13% aromatic hydrocarbons. There

are no unsaturated hydrocarbons in direct-distillation gasolines.

Direct-distillation gasolines exhibit high stability, are not

subject to resinification during storage, and they have a low freezing

point (below -100°). Direct-distillation gasolines obtained from the

various petroleums of the Soviet Union differ markedly between one

another both in terms of chemical composition and in terms of anti-

knock properties.

As a rule, gasolines containing from 55 to 70% paraffinic hydro-

carbons have an octane number, in pure form, of 50 - 65 units, and

with 3 - 4 ml/kg ethyl fluid, 83 - 87 units. Gasolines containing 50 -
70% naphthenic hydrocarbons have octane numbers, in pure form, of 70-

- 73, and with 3- 4 ml/kg ethyl fluid, 90 - 95 unitE.

An exception are the aviation gasolines containing large quanti-

ties of isoparaffinic hydrocarbons with two branched methyl groups.

For example, gasolines from Voznesensk petroleum, as well as gasolines

from Sagi% and from heavy Malgobek petroleum, containing up to 60 -

- T 65% isoparaffinic hydrocarbons, exhibit octane numbers, in pure form,

of 75 - 30, and with 3- 4 ml/kg ethyl fluid, 90- 97 units.
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Direct-distillation gasoline grades vary within a very wide

range: gasolines rich in naphthenes are graded higher than. gasolines

rich in paraffinic hydrocarbons.

The antiknock properties of direct-distillation gasolines are

strong functions of the fractional composition of these gasolines. As

a rule, as the boiling range of the direct-distillation gasolines in-

creases, the antiknock properties of these gasolines experience pro-

nounced impairment (Fig. 110).

High requirements are imposed on the antiknock properties of avi-

ation gasolines. As the fractional composition becomes heavier, the

antiknock properties of direct-distillation gasolines are impaired, so

that the boiling range of-these gasolines is strictly limited in the

production of aviation gasolines not only with respect to the upper-

"most permissible boiling limit of 97.5% of the fuel (1800), but in

terms of the antiknock properties of the gasoline in question. The

poorer the antiknock properties of gasolines contained in some petro-

leum, the lower the temperature required in order to restrict the boil-

ing off of 97.5%. As a result, the boiling point of 50, 90, and 97.5%

direct-distillation gasolines varies over a wide range. For example,

"the 97. 5% temperature for various gasolines lies in a range from 115 -

.'.* 170°, and for a 90% gasoline, the temperature ranges from 106 to 1450.

The temperature that corresponds to the beginning of boiling and

to the boiling over of 10% of direct-distillation gasolines used to

produce aviation gasolines also varies within a rather wide range of

temperatures (start of boiling 42 - 860; 10%distilled, 65 -920). In

this ease, the direet-distillation gasolines, rich in naphthenes (the

majority of the Baku and Sakhalin -gasol!nes), exhibit high tempera-

tures for the start of boiling arod for the boiling over of 10% and,

"conversely, the gasolines rich in paraffinic hydrocarbons (Grozrkvy,
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Krasnodar, and the gasolines frorm the Ural-Volga deposits) exhibit

* low temperatures for the start of boiling and for the boiling over of

�" 10%.

"In terms of antiknock properties and fractional composition, not

all of the gasolines can be employed as base fuels for the produotion

of aviation gasolines. In this regard, the potentials of automotive

fuels are substantially greater.

IHgher-boiling direct-distillation products (kerosenes, gas oils,

solar distillates), obtained from the various petroleums of the Soviet

"Union, dif'fer even more markedly with respect to chemical composition

than do gasolines. In addition to the monocyclic hydrocarbons, the

kerosene fractions may contain substantial quantities of bicyclic

naphthenic and aromatic hydrocarbons, and in the higher-boiling frac-

tions, components of diesel fuel, tricyclic compounds are possible.

TABLE 57.
Solidification Temperature and Cetane Number of
Diesel Fuels Having Various Hydrocarbon Group
Compositions

2 oYpaaiw [ R Yro1 PAoWd iu 5 -

soAMW a4Tuou yrAeoOPOAu IN a2pOR&TflqoOX~e MCTM" M

5280.5 28.0 1-26 89
X 2 78A3 44,5 2,7 -60 40J [•3 75,2 64,8 24,843
N1t 4 78,4 57,7 21.A M---.4

* .; 5 76,4 67,6 23,6 -12 6

1) Specimens of diesel fuel; 2) hydrocarbon
*group composition; 3) paraffinic-naphthenic hy-
drocarbons; 4) paraffinic hydrocarbons and side
chains; 5) aromatic hydrocarbons; 6) solVdifica-

* * :tion temperature, oc0 7) cetane number.

"Because of the great difference in the chemical composition of

S-.'." the kerosenes derived from the various petroleums, the octane numbers

"of these kerLsenes vary within a very wide range: from zero and be-
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low for kerosenes derived from Groznyy paraffinic and certain other

petroleums, to 50- 55 for kerosenes derived from a number of Emba,

Far Eastern, and some Groznyy petroleums. As a rule, the octane num--

rises, but when there is a high paraffinic-hydrocarbon content in con-"" bets oft when theroenes inras h sig h e p araffitic- ocbncntt

junction with a high aromatic-hydrocarbon content (particularly in the

case of normal structure or little branching for the former), the ke-

rosene octane number is relatively low. The kerosene octane number is

a function of the nature of the aromatic and particularly of the naph-

) thenic hydrocarbons. Bicyclic naphthenic hydrocarbons have higher oc-

"tane numbers than the monocyclic hydrocarbons that correspond to the

bicyclic naphthenic hydrocarbons in terms of molecular weight.

"The diesel-fuel cetane number drops with an increase in the aro-

matic-hydrocarbon content, and this pertains especially to the bicy-

clic hydrocarbons. Conversely, with an increase in normal-structure

and little-branched paraffinic hydrocarbons in the diesel fuel, the

"cetane number of the diesel fuel increases; there is a simultaneous

rise in the solidification. temperature of the fuels. Fuels rich in

monocyclic naph'chenic hydrocarbons and, to a lesser extent, in bicy-

, clic hydrocarbons, exhibit low solidification temperatures and more or

less aaceptatJe cetane numbers.

Table 57 shows the limits of change for the cetane numbers and

solidification temper&tues of diesel fuels derived from petroleums

having various hydrocarbon group compositior:s.

The group hydrocarbon composition of the products obtalned from

*.*'.. the direct distillation of even a single petroleum is not constant. As

the boiling point of the direct-distillation product rises, the con-

tent of certain classes of hydrocarbons increases, whereas the con-

tent of other hydrocarbon classes decreases. The hydrocarbon compost -.-
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SA tion of oetroleums from various deposits changes in various ways. The

content of aromatic hydrocarbons increases as the boil-off temperature

lir~its for the direct-distillation product increase, and this all the

more so,. the lower their content in the initial product. The greatest

increase in the content of aromatic hydrocarbons (on the average from

4- 9% to 12 - 27%) takes place within a temperature range from 170 to

230°. In higher-boiling products, the aromatic-hydrocarbon content is

either stabilized or experiences an insignificant increase.

The content of naphthenic hydrocarbons in direct-distillation

products increases with a rise in the boiling point, whereas the con-

tent of paraffinic hydrocarbons drops; however, in certain products

rich in naphthenic hydrocarbons (Surakhany select and Kara-Chukhur
I3

petroleums), vice versa, the content of naphthenic hydrocarbons dimin-

ishes, whereas the paraffinic hydrocarbon content increases. In a num-

ber of high-paraffinic direct-distillation products (petroleums fromiU
Ural-Volga deposits, Groznyy paraffinic, etc.), containing more than

"60 - 70% paraffinic hydrocarbons in the low-boiling fractions (up to

100 - 1200), the content of paraffinic hydrocarbons diminishes with a

rise in the boil-off temperature (within a range below 3000) only to

50- 60%, or there may be absolutely no reduction in the content of

the, paraffinic hydrocarbons. Therefore, the direct-distillation pro-

ducts of such petroleums cannot be used at all as tractor kerosene. In

"the derivation of jet fuels which use these products as a base, the

upper boil-off limit must be severely restricted in order to provide

for a solidification temperature that does not exceed -600. A high

solidification temperature makes it possible to make only summer and

special 8rades of diesel fuels from these products. This same restric-

tion must be observed for direct-distillation products obtained from

petroleums of the Sur'akhany select type. Products containing a large
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Squantity of aromatic hydrocarbons, because of a low cetane number,

* 1,, cannot be used for the production of diesel fuels, nor can they be

used for jet-engine fuels in which the aromatic-hydrocarbon content is *c..,
4.'m

restricted.

Figure 111 shows the group hydrocarbon composition of narrow kerc-

sene-gas-oil fractions of Tuymazy petroleum.

In the direct-distillation products of almost all petroleuns we

find sulfur compounds. The quantity of these compounds is insignifi-

cant in a number of petroleums. In the products obtained from petro-

leums from the Ural-Volga deposits, as well as in products from cer-

tain Central Asian petroleums (Uch-Kizilskiy and Khaudag), there is a

"significant quantity of sulfur compounds. The quantity of these com-

pounds Increases as the boilling-point limits of these products rise

"(Fig. 112).

"Table 58 shows the distribution of sulfur in the sulfur com-

pounds contained in commercial diesel fuels.

We can see from the data in the table that with an increase in

the total sulfur content in the fuel, there is an increase in the con-

tent of sulfides and residual sulfur compounds which generally include

thlophenes in their composition. The sulfides and residual sulfur corn-

pounds total more than 90% (up to 98 - 99%) oa all the sulfur compounds

contained in diesel ftelsa The content of disulfides and mercaptans

S. does not depend on the total quantity of sulfur in the diesel fuel.

Since the content oa sulfur is rigorously restricted in all fuels,

- dlrect-distillation .products derived from high-sulfUr petroleu can-

not under any creumstances be used for the production of sviation

cý' asolines, nor for Jet and diesel fuels. For products derived .from pp-.

troleums containing smaller quantities of sulfur, the upper bclir r

limit must be restricted.
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TABLE 58
"Group Composition of Sulfur Compounds in Diesel
Fuels [[4

"" 1 2 p•I•on 3 CocAT cepEzc, coUXMAe-,,, % .-A

I 5 ,exu 7  8 9 -10to . apu Nap -a ,- we3 o O-
Q4 0 .N. 10% Me cepa 50 9 c6%,A , 4ý €I.- sn

_-'" cepo.. O$3 capA
*402 B' OJOPOA

0,M95 154 175 202 246 321 003 OrcyT- 0,0129 0,230 0%016 0,04
CTBI OT

0'-15 HS5 181 229 287 321 0,64 To Ic 0,0323 0,275 0,01,t
0,.3 198 227 268 328 360 0,74 0,0148 0,360 0,01 0.35
0842 205 240 273 327 348 1,0 0,0078 0,360 0,008 0,62
0,847 175 238 282 359 - 1,1 0,0305 0,50 0,01 0,55
'0,37 t85 230 280 343 350 MG OTcyr- 0.45 0,016 0,8

1) Density, p•O; 2) fractional composition; 3)

composition of sulfur compounds, in % of sul-
fur; 4) start of boiling; 5) content of sulfur,
%i 6) elementary sulfur and hydrogen sulfide;
7) mercaptans; 8) sulfides; 9) disulfides; 10)

*.. residual sulfur; 11) none; 12) the same.

"'". Thermal-Cracking1 Products

From among the thermal-crack"ng products gasolines are used as

base fuels for the production of automotive gasolines and kerosenes

are used for the production of tractor fue'ls and as components in

diesel fuels as well as components in fuels for Jet engines. The hy-

drocarbon composition of the thermal-cracking p•oducts is determined

"by the conditiong of the process aul the nature of the Initial raw

Mterial (orude). The basic feature that these products have in corn-

"t•• is the presence of substantial quantities of unsaturated hydrocar-

boris.

As the fractional composition of the thermal-cracking products

beoes heavier, the presence (content) of unsaturated hydrocarbons

"tn tAeae products, as well as the presence (content) of praffinic IV-

drocarbo•s., diminishes (Table 59). Conversely, the conten.; of naph-

thenc-/ and aromatic hydrocarbons increases.
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•TAYIi 59

Group Hydrocarbon Composition of Thermal-Crack-
ing Products

UUNpcua.iti {3apa~nnouue %AUtincu ýPOMTU'flCXU -

*paxIf, iwo yraoso- "" I-G0 yrZaoAIoW yrUSOJMPO

! I
45-215 3518 $0,8 7,4 I 6.2

136-2-229 25,6 40.8 2, I 645
120-200 25,7 33,9 26A I 4,7
211-285 174, 34,9 27A 2IU6
252-303 17,0 21A9 3Ao 314

1) Boiliý- limits for fractions, oc; 2) unsat-
urated hydrocarbons; 3) paraffinic hydrocarbons;
4) naphth&1 c hydrocarbons; 5) aromatic hydro-
carbors.

TABLE 60
"Composition of Unsaturated Hydrocarbons in a
Thermal-Cracking Distillate [6)

1" cw2 Temnepaiypu auxama 4palm., OC

91 ____ __.._ I 122-M5 im-1 175-2001 > 0

CON•Mipuoe ceep*Maua. 4 3,0 7,,0 3,8 W 2U 2M
S5uo.•..,,. .. . 24 2,,3 5,9 1,5 1,1 1,0
Voaze ..- ..... . . 35t 281 2,9 6,A 3,3 49

uw." ,'¢ e$.ut ,9 8,6 U 1.7 14,9 ..
A4PQAhI C AMONG&A

-;+;. flu ......... 01 ,%3 7.3 7.3

I) Unsaturated hydrocarbons; 2) boiling point

of fractions, oC; 3) total content; 4) inelud-
ln•; 5) diolefins; 6) olefins; 7) cycloole-
fins; 8) aromatLc hydrocarbons with double bond
In side chain.

There are oief i-x-, cycloolefits, aroomatic tydrocarbons with a

double bond In the side chain, as well a. small quantities of diloe-

rins and cyclodiolefins (Tabla 60) in thez--al-crackin4 producta. The

latter a=e Senerally found in the head fract"Ions of "-oine. In

therma!-aracking gasollnes of' llGhtenedd fractIonal composition, the

suniturated hydrocarbons are represented prima- lly by the olefins and

the cycloolefins.

"The oletins ae concentrated In the low-o.O nIz products. The con-

- 74-



TABLE 61

Nature of Unsaturated Hydrocarbons in
Thermal-Cracking Products of Various
Fractional Compositions [5]

P2 COAcpH•aHIO, CtrnTag na ueitacmiqeuIHo
yrnnonopoAhT, %

4 ApaK- 3 4 n3 -O apomaOeC-ne
"" "' •Oneuw °b C eDO"iOf CDB•oO

"45-215 33 37 30
136-229 9 18 73
211-265 3,5 7,0 89,5
"252-303 0 14 86

1) Boiling limits of fractions, oC; 2)
content, referred to the unsaturated hy-
drocarbons, %; 3) olefins; 4) cycloole-
fins; 5) aromatic hydrocarbons with

. double bond in side chain.

"tent of cycloolefins initially increases as the fractional composi-

tion of the product becomes heavier, and subsequently the content is

reduced, attaining its maximum in the 150 - 1750 fraction. Beginning

with the 122 - 1500 fraction, aromatic hydrocarbons with a double bond

in the side chain appear in the thermal-cracking products. As the

boiling limit temperature increases, the quantity of these, aromatic

hydrocarbons (with the double bond in the side chain) increases, and

they make up the dominant mass of the unsaturated hydrocarbons in the

"." high-boiling products (Table 61).

Unsaturated compounds are outstanding because of their low sta-

bility. Under the action of light, temperature, the oxygen of the air,

and the catalytic action of metals, these compounds are subject to

rapid oxidation and polymerization. As a result of these processes,

* re;inous substances are fcrmed and are accumulated in the thermal-

i oracking products, as are acids and similar undesi-able substances.

-'PThe investigations that have been carried out on the experimental

storage of gasolines containing unsaturated compounds of various struc-

tures have shown that the olefins exhibit little tendency to tar for-.
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mation, while the dioleflns and aromatic hydrocarbons with an unsat-

urated bond in the side chain form tars within a short period; in this

case, the diolefins form tars, given any (even the most i.nsignificant)

concentrations in the gasoline. In the presence of diolefins, even the

olefins begin to undergo oxidation leading to the formation of tars.

-, Depending on the predominant content of certain unsaturated hy-

drocarbons in the various thermal-cracking products, these may differ

markedly between one another in terms of stability.

To increase the'stability of the cracking products, i.e., to

prevent the resinification of the cracking products, special substan-

ces are employed, and these are referred to as antioxidants (see Chap-

ter 14).

In view of the high content of unsaturated hydrocarbons in the

thermal-cracking products, the octane numbers of these products are

somewhat higher than the octane numberb of corresponding direct-dis-

tillation products derived from the same petroleum. However, as a

rule, the absolute values of the octane numbers of thermal-cracking

gasolines are relatively low arid, depending on the initial crude, va-

ry within a range of 58 - 68 units during the cracking process and

""* procedures. The octane numbers of gasolines produced by the thermal-

cracking method are, to a lesser extent than direct-distillation gas-

"olines, functions of the end-of-boiling point of the thermal-cracking

gasolines (see Fig. 110).

Catalytic-Cracking Products

* . Catalytic-cracking gasolines and gas oils are used for the pro-

duction of fuels; the gasolines are used as the base fuels for the

production of aviation gasolines, and the gas oils are used primarily

as componenVs for the production of diesel fuels and fuels for oarbu-

retor tractor engines. In addition, catalytic-cracking gasoline (as a
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TABLE 62
Characteristic of Catalytic-Cracking Gasolines

iOwRasonoe mncno M
2 OPamiuoxnr~zi COCTAS rpynnouolt 12

Yrn IOAOpOA- M .13 MOTOPItKil 11
nuLA COCTAu 14 - 5 MeTOA 10 17

-9 0 11 15 l

6 7' 9 o~
lHasua'ei1e xo ( 3 S 1 s

R.X. !0% 50%. 9. 97,5% ,? E-,

1f b: r I0) 0f W

raed 12,rsueo£strtdvaosa 8 U.m eg;• sul u•on

OW C .co M0 ~ '.. I q

i. m/lTE; 8)foravaton. olne 19 ) for automotiv g olie

43 X1 12 -0. -

180 'a,.nd 205°,s auseasacopnn -hsgaoie

* 64enuna:
115/145. .. .. ... 01781 37 6 122 1441606007 3380358-- -100>1too

*100/10.......0,732 5462 95148 WS 3816 44 2350 -8M, 100 130

S951130. .c..... . t0,7he a45 621014142k16 93 77s10512s- - 9s e32

mun r U& 0,745 34 4M10 196 214.512 37 51 - M 70,5 8U, -

10.747 35 45,51101t96 222 14 H135-02680.23 0 A

10,770830,5 41O0133 196 213 27 57 18-0 83U589.U

7 " t1) Designation; 2) fractional composition; 3) group hydrocarbon com-

position; 4) octane number; 5) motor method; 6) density 4 he 7) start

of boilinr n 8) aromatic; 9) naphthenic; 10) paraffinic; 11) unsatu-
rated; 12,; ressure of saturated vapors at 380 mm Hg; 13) sulfur con-
tent, %;14V without TES [TEL]; 15) with 0.8 mi/kg TES [TEL]; 16) avi-
ation method with 1.3 mi/i TES; 17) rich-mixture grade with
1.3 mi/i TEM; 18) for aviation gasoline; 19) for automotive ga-soline.

rule,, without t-he catalytic purification stage) cart be used independ-

ently as an automotive gasoline,, and its fraction boiling over between

180 and 2050, Is used as a component in this Gasoline.

The composition of the catalytic-cracking gasolines to some ex.

tent is a function of the initial crmude., as well as of the process re-

gimeo, but primarily, and this applies particularly to the gaseiines of

the second cracking, etage,. the composit-ion of the fcatalytic-cracking]1

gasolines is determi~ned by the specific directions taken by the hn

carbon reactions caused by the catalyst. Gasolines from 6"he 'irbs' -
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contain a substantit.al nantity of unsaturar;ed hydrocarbons, attaining

51% (Table 62), and relatively slightly branched paraffinic hydrocar-

bons. The content of aromatic hydrocarbons is greater than in direct-

distillation and thermal-cracking gasolines. Despite the high content

of unsaturated hydrocarbons, the oatalytic-oraoking gasolines of the

first stage are rather stable in storage. This can be explained by the

nature of the unsaturated hydrocarbons that are represented by the

olefins in the dominant (basic) mass.

The octane numbers of catalytic-cracking gasolines of the first

stage are higher than those for the basic mass of the direct-distilla-

tion gasolines as well as of the thermal-cracking gasolines.

The second stage catalytic-cracking gasolines obtained through

the catalytic processing of the first-stage gasolines differ rather

markedly from the latter in terms of chemical composition. Under the

action of the catalyst, aromatization, isomerization, and hydrogena-

tion of the unsaturated hydrocarbons take place, as a result of which
their content in the gasoline is reduced to 1- 2%, whereas the con-

tent of aromatic and isoparaffinic hydrocarbons increases. The latter

-are concentrated in the head gasoline fraction and amount to 90- 95%

.* of all the paraffinic hydrocarbons in the gasoline. The tailings are

made up primarily of aromatic hydrocarbons. It is for this reason, un-

like in the caze of direct-distillation gasolines, as the end of boil-
ing rises for catalytic-cracking gasolines their antiknock properties

show virtually no impairment (see F1ig. 110). This makes It possible to

obtain gasolines having the maximua. permissible (97. 5%) gasoline boil

"off (180°). The presence of isoparaffinic hydrocarbons in the head

portion of the gasollne is responsible for tho low temperature at which

10% of the gasoline boils over (56 - 600), and the presence of arco-

- matic hydroca:-bons in the tailings is responsible for the comparatively
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high boil-off temperature for 90% gasoline (145 - 1580).

"TABLE 63

Group Hydrocarbon Composition and Properties of
Catalytic-Cracking Gas Oils [10]

?Cupbe xaTazminmecmoro xpexNunra

H-.: 1 I~oN&a88W 3 napa#Innonoro 4 uaeno-apoma-
i Tnqecxoro no-C-

OcioDaunx ahi
M I I Xt 2 X%3 I 4

5 laomocmQ .e . . . . ... . . . . . . . . . . . 0,84.4 0,8&% 0,892 0,N07
"6 Opaxnnouuui cocTan:

" 7 u.N ..... ............... 242 225 252 1,87
10%. ................ 248 2462 264 g4
50% ...... ............... 259 269 293 I 267

8 90% ............... . 282 324 323 3108 "'. ............ .... * * 305 306 347 341

S9 Bnocm .... ..... . 1,27 M8 1,•4 1,32.... Ko.'o oC,,, OH6H 10 0.O24* 4,48 1,24 t.52

.'lloxcye-ocm,. % .............. 0,046 0,019 001 0•088
Temneparypa sacawaunn, C .1.2 . -13 -18 -47 --50

"3ipyanoao0 yr.aeRoQoAtDRA cocia-
'" "" apouawuqeci-e J.-t........ 32,6 31.2 4243 53.0

15 "laparnonuo ... ......... ..5 2 49,4 46.7 2&5
"lna4teuosue .i6..........11,0 14, 64 2 14,0SlPenp eaonue . 3,2 5,0 .4.3 4,5

Ixen~uo 1=4 ....1 56 SU, 35 32

13 Indicators; 2) catalytic-cracking raw material;
"3) paraffinic base; 4) naphthenic-aromatic base;

5) density, p20; 6) fractional composition; 7)

start of boiling; 8) end of boiling; 9) viscosity;
10) acidity,, mg KOH; 11) cokability, %; 12) sol-
idification temperature, CC; 13) group hydrocar-
bon composition; 14) aromatic; 151 paraffinic; 16)
naphthenic; 17) unsaturated; 18) cetane number.

The combination of isostructural paraffinic hydrocarbons with

aromatic hydrocarbons in catalytic-cracking gasolines determines

their high antiknock properties in both lean and rich mixtures (see

Table 62).

The composition and properties of catalytic-cracking gas oils are

functions of. the initial crude and the process regime (Table 63).

The gas oils obtained from a pamaffinic-base crude are predom-

Inantly made up or paraffinic hydrocarbons. It is for this reason that

Sthey have comparatively high solidification temperatures. Gas oils o!"-

tuIned from a naphthenic-aromatic-base c.rude contain a large quarý
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" ;Fig. 113. Group hydrocarbon composi-
". : tion of narrow catalytic-cracking

i gas-oil fractions from heavy Romash-

kinskiy crude petroleum [I]. 1)
Naphthenic; 2) isoparaffinic; 3)
"naphthenic-paraffinic hydrocarbons;
4) aromatic hydrocarbons; 5) unsat-
urated hydrocarbons; 6) boiling
point, oc.

of aromatic hydrocarbons, predominantly bicyclic. Moreover, among the

aromatic hydrocarbons in the catalytic-cracking gas oils, unlike the

direct-distillation gas oila, there are hydrocarbons with three or

more rings, For example, in the catalytic-cracking gas oil from the

heavy Romashkinsky crude, fCz-r whose -az:row fractions the group !qdro-

carbon composition is presentad iT Pig. 113, %,here are 6.5% monocyclic

aromatic hydrocarbons, 30.2% biolclic, 11.8% tricyclic, and 14.3% POly-

cyclic [2].

'Bcause of the high content of aromatic hydrocarbons in the cata-

lytic &xs olls and becauae of tI'a high'"cyclicity" (Tr. note: tsiklich-"

nost', ,ft-slan word indicating the number of rings in a hydrocarbon] of

"these 'aromatic hydmzcaabons, these gas oils have low cetane numbers.

Hydrogenation Products
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Hydrogenation gasolines serve as base fuels for the production of

aviation and automotive gasolines or are used directly as automotive

gasolines. The higher-boiling hydrogenation products are used as base

Sfuels for the production of diesel fuels and for fuels to be used in

Jet engines.

The composition and properties of hydrogenation gasolines are

functions of the initial raw material, the conditions of the process,

and the temperature limits of gasoline removal. Hydrogenation gaso-

lines are close to direct-distillation gasolines in terms of the

group hydrocarbon composition. The quantity of unsaturated hydrocar-

bons in the hydrogenation gasolines does not exceed 1 - 2%, and the

l" content of aromatic hydrocarbons in these gasolines does not exceed

8 - 9%. Therefore, hydrogenation gasolines are stable in storage and

* " have a low pour point.

' ,The composition and properties of hydrogenation products boiling

over above 180 - 205° are also functions of the nature of the crude

' and the conditions of the process.

-" Catalytic-Reforming Products

Since gasoline or light ligroin generally serves as the raw ma.

terial for catalytic reforming, only gasoline is obtained as the basic

product or the process, and this gasoline, depending on the iaitial

i'aw material used as the catalyst and the conditions of the process,,

' s usod either as a base or commercial automotive gasoline or as a

component in this commercial automotive gasoline, or as a component in

avlation gasoline. Aromatization is the basic reaction of the process;

thereore,, in oatalytie-retormin gasolines there is a large quantity

"ofo aromAtic hydrocarbons, attaining 55% (Table 64) in the aviation-

gasollne cowponent, which Is intended for the production of

115/145 aviation gasoline.
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"iIn view of' the high content of aromatic hydrocarbons (33- 45.5%),

the catalytic-reforming products used for the production of automotive

gasoline exhibit high antiknock properties.; the octane number of the

end gasoline is virtually independent of its fractional composition

(see Fig. 110) and is only slightly dependent on the ootane number of

the initial raw material.

Synthesis Products from Carbon Monoxide and Hydrogen (Water Gas)

TABLE 64
Characteristic of Catalytic-Reforming Gasolines

2 'J [- r -

, .,o Oxauofoe luc bo !ad LO 4KoTopuMI A

" 17
MOM -t 00. 1

6 .' t• C3 is m

I. 1 7 1 1mH
U.X.t % o% g % X

.. 0-7858 - -te-s- - -385&, - - 00

A.' presoure of saturated vapors, at 38, ,.rm Hg, 9)content of aromatic• hy-

"" i drocai'bons, %;1 0) bromine numnber; 11) sultDir, %1 12) without TES [TEL];o *A'* 13) with 0.8 ml/1 TES 0TEL]; 14) aviation 05ethod, with 1.3 me/1 TES '"

(TEL] 1 ich-•mixture g~de, with 1.2 mi/ •E TL] 6 component

or 15j~&5aviation gasoline; 1)component of 100/130 aviation gaso-..
*", line; 18) autcmotive base (piatforningn); 19) automotive base (movable ,

i "" catalyst); 20) oetane nun~ner (research method); 21) without TES (TEL]; .
22) w2th 228 m .T:.

S o CS'
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The synthesis products from carbon monoxide and hydrogen cotisist

primarily of paraffinic and olefinic normal-structure hydrocarbons.

"The olefins are concentrated in the low-boiling fractions. The total

content of olefins depends on the conditions of the process and the

catalyst employed. With an increase in pressure, the content of ole-

"fins diminishes. In the higher-boiling fractions, there are virtually

no olefins.

Because of the high content of normal paraffinic hydrocarbons,

the gasolines obtained by synthesis from carbon monoxide and hydrogen

have low octane numbers which drop sharply as the end-of-boiling of

the gasoline rises (see Fig. 110). Fractions boiling over above 230-

2400 exhibit extremely high solidification temperatures and high ce-

tane numbers.

Despite the large content of olefins, synthesis gasolines unlike

thermal-cracking gasolines are stable in storage. This can be ex-

plained by the structure of the unsaturated compounds contained in

these gasolines.

. Because of low antiknoack properties, gasoline obtained

through synthesis from carbon monoxide and hydrogen are used only as com-

ponents in automotive fuels. The higher-boilina fract4ons are also

used only as components of diesel fuels, and here the end-of-boiling

of these fractions must be restricted to 230 - 2600 in the production

of winter grades of diesel tuels.

"FU¶JEL COMPONENTS

Components are added to the base fuels to improve the antiknock

and physicoohemical properties of the fuels, as well as to increase

"fu•.l supplies.

Heavily branched paraffinic hydrocarbons or their mixtures- !-c-

• ,- penLane, alkylate, industrial isooctane - are used as gasoline co:ý!..,
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ents; aromatic hydrocarbons or their mixtures - benzene, toluene, xy-

lenes, ethyl benzene, isopropylbenzene (cumene), pyrobenzene, and al-

kylbenzenes; the oxygen-containing compounds are ethyl alcohol, iso-

propyl ether, and acetone.

Mixtures of hydrocarbons or individual compounds having high oc- :2.

tane numbers (from 90 and higher without ethyl fluid) and grades (from -

* 140 - 150 and higher with 3 - 4 ml/kg ethyl fluid) are used as compon-

ents for aviation gasolines, as are hydrocarbons or their mixtures ex-

hibiting a lightened fractional composition and increased vapor pres-

sure.

"Direct-distillation, thermal- or catalytic-cracking, and cata-

!ytic-reforming gasolines may serve as components of automotive gaso-

lines, as can polymer- and alkyl-gasolines. In addition, the tail and

"head fractions of direct-distillation gasolines left over in the pro-

duction of aviation gasolines are used as components in automotive

gasolines, as are "gas" gasoline, the spent butane-butylene cracking-* 4.

": , gas fraction, the penta-amylene fraction, and isopentane.
*.•. Direct-distillation and thermal- and catalytic-cracking ligroins

* and kerosenes serve as components in tractor fuels.

S.- The products derived in the synthesis from carbon monoxide and

hydrogen, as well as catalytic- and thermal-craocking gas oil can serve

. as diesel-fuel components.

Components have found their greatest application primarily for

, the improvement of antiknock and physicochemical properties In •he

": production of aviation gasolines. In Lhe production of other types of

T fuels, components are intendedi primarily to provide for an increase In

'.;he fuel supply. In addition, certain impruvements in fuel properties

'- - can be achieved.

Table 65 shows. the mean values of the physicochemical and anti-
38
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knock properties of the components in the aviation and automotive gas-

* " olines.

*~ During the production of aviation gasolines, the components are

added together with the ethyl fluid. B-70 gasoline, produced in com-

paratively limited quantities, is an exception. Therefore, given the

characteristic of the components used in aviation gasolines, their

capacity to improve the antiknock properties of the base gasolines is

considered from the standpoint that ethyl fluid is present. The anti-

knock effectiveness of the automotive components is presented without

* consideration of ethyl fluid.

Aviation-Gasoline Components

- Isoparaffinic hydrocarbons

The isoparaffinic hydrocarbons used as components differ signifi-

cantly from other classes of hydrocarbons in terms of the physico-

chemical properties which govern the operational characteristics of

the gasolines. For example, these have the greatest heat of combustion

among all classes of hydrocarbons, the lowest hygroscopilcity, density,

surface tension, latent heat of vaporlzation, and viscosity.

As these (isoparaffirtic hydrocarbons] are added to the base gas-

olines for purposes of improving the antiknuck properties of the lat-

ter, the above-enumerated physicouaemical properties of the gasolines

* undergo change and, consequently, so do the operational properties of

these gasolines. However, with a slight exception duo to the fact that

, the diraet-distillatlon gasolines contaln primavliy only par•aal.f4i.nic

and naphthenic )ydrocarbons, and con3iderlng that the content of pa-

. rarrinic hydr'ocarbons reaches 60 - 65% in the catalytic-process Saso-

'Unes, these changes are comparatively Insignificant. There are more

signif•cant changes In such physicochemical propertles as vapo.- tl•n-

sion and the fractional composition. In this case, '! tUie change :.
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Key to Table 65: 1) Designation; 2) density, p 3) fractional com-

position; 4) antiknock properties; 5) start of boiling; 6 solidifica-
tion temperature, oc; 7) pressure of saturated vapor at 3ý0, mm Hg; 8)
"heat of combustion (uppermost), kcal/kg; 9) surface tension at 200,

-erg/cm2 ; 10) latent heat of vaporization, kcal/kg; 11) dynamic visos- c'
"ity at 200, centipoises; 12) octane number without P-9 (motor method);
13) octane numrber with 4 ml/kg of P-9; 14) grade with 4 ml/kg of P-9,
in rich mixture; 15) isopentane, 16) technical isooctane; 17) alky-
late; 18) benzene; 19) pyrobenzene; 20) toluene; 21) ethyl benzene;
22) isopropylbenzene; 23) alkylbenzene; 24) direct-distillation "head";
25) butane-butylene fraction; 26) alkyl gasoline; 27) "gas" gasoline;
"28) polymer gasoline; 29) penta-amylene fraction.

TABLE 66

: Fractional Composition and Vapor Pressure of
Gasolines Containing Isopentane

-"2 0pahA -nouni co -aD 3A& enne

1Beaann - --- . naciweu-.X.. 10% 50% 90% F97.5upa 380,
' ~ ~ ~ ~ A ~ 0 'PT. OT.

B 70 5 .. . . . 6. * 59 5, 10 12 1416
95% B-70.5. 82 92 103,51 25,5 149 128;-.95% B-70-{-5% unaouno'aaa: 59 85,5 102 123 147 t61

90% B-70+10% noonoeurtaw 58.5 77 100,5 .123 143 225
85% B-70+15% naonerrraaa 8. 52 70 08,5 122 143 262
80% B-70+20% nMoueuyaa 49 65 96,5 121 - 297
"75% B-70-+25% n3oUeuTana-i4 44 58 95 123 142 353- .. .

SBaS3aut 6eun• .4- . 12 67 87 102 130 161 199
95% 6e01=8a+5% naonenTana . . 54,5 79 10t 129 159 243

3 "90% , e~anua+-1-10% n=oneana-a 5.5,5 74 99,5 128 - 291
"14 85% 6cumnua+15% uaonon ana 45 67 98,5 126,5 157 335
1580% 6ecnnua+20% n3oUCMana 42 60.5 94,5 124,5 151 367
10'75% 5en3nua+2556 uIonenuaia 39 56 92,0 - M54 406

1) Gasoline; 2) fractional composition; 3)
pressure of saturated vapors, at 380, mu Hg;
5) B-70; 6) 95% B-70 + 5% isopentane; 7)
90% B-70 + 10% isopentane; 8) 85% B-70 +
+ 15% isopentane; 9) 80% B-70 + 20% isopentane;
10) 75% B-70 + 25% isopentane; 11) base'gaso-
line; 1?) 95% gasoline + 5% isopentane; 13)
90% gasoline + 10% isopentane, 14) 85% gaso-
line + 15% isopentane; 15) 80% gasoline +
20% isopentane; 16) 75% gasoline + 25% isopen-
tane.

the heat of combustion and hygroscopicity is comparatively a weak

function of the nature of the isoparaffinic component that is added,

the change in vapor tension and fractional composition will be a very

strong function of the particular component that has been added to the

base gasoline. Any change in the antiknock properties of the base,;"
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olines is also governed by the nature of the Isoparaffinic component.
Below we present changes In the most important physicochemical

properties of base gasolines as the isoparaffinic cowponents Iresently

L in use are added to these gasolines.

Isopentane

The composition of industrial isopentane is a function of the

care exercised in the rectification process employed in the separation

of the isopentane. Generally, the content of the isopentane (2-methyl-

butane) in the industrial product ranges between 80 and 95%, and the

remaining 5 to 20% are made up of n-pentane and higher-boiling hydro--

carbons.

As can be seen from the data presented in Table 9, isopentane,

having a high octane number, has a low boiling point and extremely

high vayor tension. Its grade is comparatively low. Isopentane is used

when it is necessary simultaneously to improve thje octane number of

the base fuel and the volatility of the base fuel, or only to improve

the volatility (Table 66). However, because of the high vapor tension,

5- 20% is added.

Industrial Isooctane

The composition of industrial isooctane is not constant and is a

function of the composition of the raw material used for polymeriza-

..... n, as well as being a function of the catalyst employed and the

conditions of polymerization. The composition of industrial isooctane

determines its properties as well, and these, as can be seen from

Table 65, vary within a very wide range. High vapor tension, high 50%-

boil-off temperatures, and particularly for the 10% product, as well

as comparatively high octane numbers and relatively low grades, are

characteristic of industrial isooctane.

As can be seen from Tables 67 and 68, industrial isooctane sub-
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TABiz 67
Octane Numbers of Gasoline Mixtures (with 3
ml/kg of P-9) with Various Industrial.Isooc-
tanes [ill]

- Coons cuee, % 2 o00oi~al 00 3!aOuKfaR 100

4,exe.- 5 6 6elsn- c om'AuomUM 7 6easn-co0mno

.Xn 6ena= .7 -
- 84 . 87 90 84 87 '90

0 100 .898 90 84 87 90t0 90 86 89 92
20 80 88 90 93 83 91 94
30 70 * 92 94 91 93 96
40 60 92 93 96 94 96 98
50 50 93 95 98 97 100 100

1) Composition of mixture, %; 2) isooctane 90; 7
3) isooctane 100- 4) industrial isooctane; 5)
base gasoline; 6 gasoline with the following
"octane number; 7) gasoline with the following
octane number.

TABLE 68

Grade of Base-Gasoline Mixtures with Industrial
Isooctane

I' y raeol~~IBOAO- 3COPTIIOCTh. c 4 .tA/x P-9 11pM
2. 2 poauHW coOcaR coeppmanrn uaooxa~ia, %
6easo a ' ••po~a-I2 . -uapa-

• H T- J s re - 0 10 20 30 40 50 100
r8e 9 104

6 44 50 96 96 98 t00 t04 110
3 2 13 41 46 99 101 105 144
M 3 14 55 31 123 126 128 130 - -

1) Base gasoline; 2) group hydrocarbon. composi-
tion; 3) grade with 4 ml/kg of P-9, given the
following isooctane content, in %; 4) aromatic;
5) naphthenic; 6) paraffinic.

stantially improves the octane number of the base gasolines and has a

very weak effect on grade.

A2.kylate
.-.4,

I .. Like the industrial isooctane, the alkylate composition is not

constant and is a function of the catalyst employed in the alkylation

of the unsaturated hydrocarbon, and it also depends on the conditi'..'
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under' which the process was executed.

Alkylate, like industrial isooctane, substantially raises the oc-

tane number of the base gasolines and raises the grade of these gaso-

lines only slightly. Alkylate and industrial isooctane are virtually

identical with respect to the change they exert on the antiknock

pr'operties of the base fuels.

Aromatic hydrocarbons

In terms of their physicochemical properties, aromatic hydrocar-

bons are quite different from the remaining classes of hydrocarbons in

fuel compositions.. They have higher boiling points, density, surface

tension, latent heat of vaporization, and viscosity; they exhibit

greate- hygroscopicity, they have a more pungent odor, and also ex-

hibit more pronounced toxic properties. The carbon-to-hydrogen ratio

in .hese hydrocarbcns is the greatest and as a result the mass heat of

* combustion and theoretical air flow rate for total (complete) combus-

tion are at their lowcst.

Some of the aromatic hydrocarbons have high melting points (ben-

zene, n-xylene).

The behavior of aromatic hydrocarbons is unique in combustion en-

gines. Their combustton is accompanied by increased thermal stresses

in the engine and by scale formation, as a result of which autoigni-

tion of the fuel takes place. Aromatic hydrocarbons are sensitive to

"the temperature regime Qf the engine, and as a result the antiknock

properties of these hydrocarbons are impaired as the temperature of

.the working mixture or coolant rises. All aromatic hydrocarbons are

completely soluble in other ,lasses of hydrocarbons.

Since direct-distillation and hydrogenation gasolines, to which

aromatic components are added, primarily consist of paraffinic and

naphthenic hydrocarbons, and further since they generally do not con-
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tain more than 5 - 9% aromatic hydrocarbons, the addition of the lat-

ter brings about rather pronounced changes in the physicochemical and

operational prope%,ties of the gasolines.

1. There is an increase in density, viscosity, and surface ten-

sion of the gasolines, as a result of which a slight change' in the op-

erating conditions of the carburetor takes place - the fuel-feed is

reduced and the diameter of the fuel drops increases, I.e., fuel atom-

ization and, consequently, fuel vaporizability are impaired.

2. The fractional composition of the gasolines becomes heavier

and as a result there is a reduction in the degree of fuel vaporiza-

tion, the starting properties of the fuel are impaired, as are the

conditions for combustion within the engine.

3. There is some increase in the latent heat of vaporization of

"the gasoline, which results in a temperature drop across the fuel

line, the latter due to vaporization.

4. The toxic properties of the gasoline increase and the odor of

the fuel worsens.

5. In a number of cases, there is an increase in the pour point

of the gasolines.

6. There is a change in the quantity of air theoretically re-

quired for complete combustion, i.e.., there is a change in the compo-

sition of the.working mixture.

7. The hygroscopicity of the gasolines increases, and there is an

increase In the associated danger of the settling out of ice crystals

from these gasolines at low air temperatures.

8. The tendency to scale formation and the appearance of autoig.

"nit ion increases.

Consequently, the addition of aroimatic hydrocarbons to the gaso-

"lines in order to improve the antiknock properties of the gasolines ""
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brings about the simultaneous impairment of almost all the operational

properties of the gasolines. The degree of impairment is determined by

the quantity of aromatic hydrocarbons added, and by the nature of

these hydrocarbons. All of the aromatic hydrocarbons do not impair the

operational properties of the gasolines equally. Below we present a

characteristic of the aromatic hydrocarbons and their mixtures, used

as aviation-gasoline components.

Benzene, pyrobenzene

High-purity-coal and petroleum benzene is used as a component in

aviation gasolines. When benzene is added to gasolines, the antiknock

properties of the gasolines are improved, and here the effect is

"greater in the case of a rich mixture than in the case of a lean mix-

ture. The change in grade through the addition of benzene depends, in

great measure, on the chemical composition of the gasoline.

The octane numbers of gasolines containing 3 - 4 ml/kg of ethyl

* fluid, even with the addition of 40 - 50% benzene, increased by only

2- 3 units, and with the addition of 15 - 20% benzene, only by 1 -

2 units. For example, the octane number of a gasoline containing

3 ml/kg ethyl fluid, after the addition of 20% benzene, increased only

.frm 86.1 to 87.5.

Benzene, as a rule, is used in the production of B-70 gasoline,

which contains no ethyl fluid. However, in this case as well the ad-

dition of benzene is generally restricted to 5 - 10%, since any fur-

ther increase in the quantity of benzene in the mixture results in a

pronounced rise in the pour point of the gasolines. With the addition

of 20% of benzene, the pour pcont of the gasoline rises to -41.5 - 420

and exce•,e the permissible limits.

The ad ition of benzene lightens the fractional composition of

the gasoiL.es, particularly of the 50 and 90% gasolines. Depending on
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its magnitude, the temperature required for the boiling off of 10i of

a gasoline either drops or rises with the addition of benzene.

Of all the aromatic components, benzene exhibits the least heat

of combustion, the greatest latent heat of vaporization, as well as

"the highest surface tension, viscosity, and hygroscopicity; tha latter

undergoes a particularly pronounced increase in comparison with the

nonaromatic gasolines as the temperature rises. Benzene is more toxic

than other aromatic components, and it is more sensitive than these

other aromatic components to temperature during engine combustion, and

it has a greater tendency to scale formation. Therefore, when benzene

is added to base gasolines, in addition to a rise in the pour point,

the most pronounced changes (in comparison with the remaining aromatic

components) in the above-mentioned operational properties of the gaso-

lines take place.

In addition to pure benzol, industry also produces an industrial

mixture - pyrobenzene (motor benzol] (see Table 65), which is a py-

rolisis product and consists of a mixture of benzene, xylenes, and the

higher-boiling aromatic hydrocarbons and certain quantities of unsat-

urated hydrocarbons and hydrocarbons of other classes.

Pyrobenzene [motor benzol] comes in two grades: without toluene,

and a pom* point of -12° and a lightened grade, i.e., containing a

greater percentage of benzene, with a pour point of 00. Since there

are up to 10 - 15% hydrocarbons of other classes in addition to the

"aromatic hydrocarbons in pyrobenzenO, the antiknock properties of the

mreotuoo benzol itself, as well as of its mixtures, are lower than in the

• ise of benzene. The permisaible content of pyrobenzene ranges from

15 to 20%, since if it were present in greater quantities its pour

point would exceed the peamissible limits established by the GCJýT -

[All-Union State Standards]. The fractional composition of the bas"
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gasolines, given this pyrobenzene content, becomes insignificantly

heavier. Other operational properties are impaired to a somewhat les-

ser degree as a result of the addition of pyrobenzene, than would be

the case with the addition of benzene.

"Toluene

"TABLE 69

Change in Antiknock Properties of Gasolines,
with the Addition of Toluene

2 ARhNAeToT nouM--e coUo fic:a c 4,0 AUl/a P-9

1flpo:y KmTOHOe nc3O -pl l-8.oplU U Oe., Ra 6orarol cvacu spa
,ooOPm Toayum a, % M COP"nm "oR&I %a,

,.-o - - -

5Cuecb: 85% ago-
oK?&flS +15%
X-RuTaua . - - 107 132 14? 164 -6 Cuecw 70% nw-

%oeTana +1060
... r&nZOtD . . 98,2 90,8 03,4 058 92 98 -- 119 - 160

M I93.7 0U,4 102 119 - 141 - >160
8G ..... • 92 8 ZK4 30 143 -- -

1) Products; 2) antiknock properties with

4.0 ml/kg P-9; 3) octane number with a tol-
uene content of, %; 4) rich-mixture grade,
with a toluene content of, %; 5) mixture:
85% isooctane + 15% n-heptane; 6) mixture:
70% isooctane + 30% n-heptane; 7) base gas-
oline No. 1; 8) base gasoline No. 2.

TABLE 70
Change in the Fractional Composition of Gas-
olines with the Addition of Toluene

S;•lUC4i~ - -1- -.. 10% % 00%

100 0 47 I 69 105 IM1
Is 31 I 7 0 3 6

10 3D 3 74 104 128 £00,
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TABLE 70 (Continued)

6tioo 0 68 8 5 119 145
"8,5.15 5 145
"70 30 82 92,5 99 ,5 139 .-.
5 . 50 50 84 0,5 101,5 11t,5 129,5

1) Gasoline, % by weight; 2) toluene % by
weight; 3) fractional composition; 41 start
of boiling; 5) base asoline (No. 1); 6)
base gasoline (No. 2¶.

SToluene is produced industrially with a high degree of purity,

and it may therefore be regarded as virtually an individual iiydrocar-

bon (see Table 65).

d Table 69 presents data on the change in the antiknock properties,

and Table 70 presents data on the change in the fractional composition

Sof various gasolines as a result of the addition of toluene to these

gasolines.

As can be seen from the data presented in Table 69, toluene im-

. proves the gasoline grade more effectively than it does the octane

number of the gasoline.

With the addition of toluene, the fractional composition of the

10 and 50% gasolines becomes heavier. The boiling range of the 50%

* gasoline fraction rises less significantly. The boiling temperature

for 90% gasoline, with the addition of toluene, naturally drops all

the more markedly, the higher the temperature.

Toluene is used primarily to improve the antiknock properties of

rich-mixture gasolines. The remaining operational properties of gaso-

"lines are impaired with the addition or toluene, although less signif.

•vantly than in the uase of benzene being added.

Ethl benzene, lsopropylbenzene, alkylbenzene

Depending on the composition of the gas employed for the alkyla-

tion of benzene, and also dependin 6 on the nature of the catalyst an -
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the conditions of alkylation, as well as on the temperature regime and

the care exercised in rectification, either almost individual aromatic

hydrocarbons (ethyl benzene, Asopropylbenzene) or mixtures of various

alkylated benzenes (alkylbenzenes) are obtained. The properties of the
benzene-alklylation products are determined by their composition and

* vary within a wide range (see Table 65). The change in the physico-

chemical and antiknock properties of the base gasolines, resulting

from the addition of alkylbenzene to these gasolines, is a function of

the properties and the composition of both the base gasolines and the

alkylbenzene. Table 71 shows data on the change in the fractional com-

0position of various base gasolines, resulting from the addition of

various compositions of alkylbenzes to these gasolines.

"We can see from these data that with the addition of alkylbenzene,

there is a pronounced rise in the temperature at which the 1O, 50, and

90% gasolines boil off. Depending on the fractional composition of the

base gasolines and the alkylbenzene, the content of alkylbenzene in

commercial gasoline is limited to 5 - 10% and a maximum of 15 - 25%.

With the addition of alkylbenzene or the individual aromatic hy-

drocarbons of its components to the base gasolines, the antiknock
properties of the gasolines are improved more effectively than in the

case of benzene, pyrobenzene, or toluene being added. In this case the

effectiveness of the aromatic hydrocarbon with respect to improving

the grade oQ the base gasolines depends on the magnitude of the side

"chain bound to the aromatic ring and in particular on the structure of

the chain. With the branching of the side chain, the effectiveness of

the aromatic hydrocarbon rises sharply.

The capacity of the alkylbenze effectively to Improve the ant*,-

*-, knock properties of lean- and rich-mixture base gasolines makes it

possible, despite the restrictions on the addition of the alkylbenzene,
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TABLE 71
Change in the Fractional Composition of Base
Gasolines with the Addition of Alkylbenzenes
to these gasolines [12 - 14]

2 OpaxiquounwA cocTas

+ ...... 49 0 99 133 147
30oJ t:

80% +20% ...... 50 73 107 144 165
70% +30% .... ...... 50 73,5 112 149 167
60%+40% ....... 50 75 120 155 169

2 FpOaencnul ....... 45 71 99,5 128 141
rposnecxii + an-a6euxoa"

A 2: 7
00% +10% ...... .... 56 77,5 105,5 138 16M,5
70% +30% .... ...... 60 83 117 150 168

.60% +40% ...... .... 62 88 U2) 154.5 173
3 *3,cTpa,. .......... . 65 79.5 51 107 127

60% .ORcTpa8 +40% anaXa-
G6,nsoaa JA 2 9 67,5 88,5 113 148 169

""4 B-0 ........ .. . ,7 69 100,5 14, 163
B-70+ aas&jAeuaoa JV 3:11

85%+15% ...... .... 53 73 M04 143 163,5
70%0+30% ...... .... 53 77.5 M10 145,5 165
50%+50% .... ...... 63 89 I18 I47,5 166

5 BeUnnS B-74 . 1' C . 54 71,5 0,5 129 151,5

60% B-74+400& ax01 u-
,seas 4. . . .. Lj 61 83 H5 152 163

1) Gasolines; 2) fractional composition; 3)
start of boiling; 4) Ishimbay; 5) Ishimbay +

+ alkylbenzene No. 1; 6) Grozriyy; 7) Groz-
-ny + alkylbenzene No. 2; 8) "Ekstra"; 9)
"60% "Ekstra" + 4o% alkylbenzene No. 2; 10N

B-70; II) B-70 + alkylbenzene No. 3; 12) B-74
Sasoline; 13) 60% B-74 + 40% alkylbenzene No.

to use it (the alkylbenzene) to improve the antiknock properties of

gasolines simultaneously for both. However., in addition to the above-

,nenttoncmi fact that the rrac'aioiai composition becomes heavier., the

addition of alkylbenzene impairs the remaining operational properties

of the gasolines. Particular stress should be placed on the pungent

and unique odor of alkylbenzeno which iS also important to the Saso-

1•- n,, even 11 the alkylbenzene is added in only small quantities.

n, Au tomotive-Gasolilne Components

The components of automotive gasolines are examined in detall A.
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.,Chalpter 17.
A

S/ •Here, however, we will take

z- 84 note of the following. As direct-

%... distillation, thermal- and cata-

lytic-cracking, as well as cata-

i • I • lytic-reforming, polymer- and alkyl-. -"

•.1-R gasoline are mixed, no significant •,

-- 0 so- s change in the fractional composi-
tion is observed. With the addition

Fig. 114. Change in octane
'numbers in the case of' gaso- of spent butane butylene and penta-
line mixing (motor method)[5]. m)Direct-distillaetion) amylene fractions, and the addition,." 5]. I) Direct-distillation -

gasoline with thermal-crack- of isopentane, "gas" gasoline, and
ing gasoline; 2) direct-dis- oi et.agn
tillation gasoline with cat-
i1alytic-cracking gasoline; 3) the head fractions of direct-dis-
direct-distillation gasoline
.with catalytic-reforming gas- tillation gasoline to the enumer-
oline; 4) direct-distillation ated gasolines, the fractional com-
gasoline with polymer gaso-
line; 5) direct-distillation"•gasoline with benzene; 6) positior of the latter is lightened

• ,, thermnal-cracking gasoline with--.therataltc-racking gasoline; wth and the pressure of the saturated
catalytic-reforming gasoline;
7) direct-distillation gaso-
line with isopropylbenzene; 8) vapors is Increased. The pressure
direct-distillation gasoline
with alkylgasoline; 9) thor- of the saturated vapors experiences
eal-cracking gasoline with al-. the most pronounced increase with
kylgasoline; 10) catalytic-
cracking asoline with alkyl- the addition of the pe.ta-_xylene,
,asoline, A) Octane number
Nmotor method); B) components, and particularly, with the addition
% by wei&ht.

of the spent butane-butylent frac-

tions. Therefc.'o these are contained in quantities not exceeding I - 2%

"' in the final gasoline product. In case the tail fractions of direct-

, distillation gasoline are added, the fractional composition of the gas-

olines becomes heavier.

"* - The anviknock properties of automotive gasolines are evaluated

(estimated) in terms of octane numbers which are determined either by ,
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the motor or research methods. The nature 'of the change occurrinZ in

octane numbers as a result of the mixing of automotive-gasoline corm-

ponents depends on the group hydrocarbon composition of the components

and the amount of component contained in the mixture. This is clearly

demonstrated by the data shown in Fig. 114.

SWhen mixing direct-distillation gasolines, I.e., gasolines con-

sisting of paraffinic and naphthenic hydrocarbons, we find that the

< octane number of these gasolines changes additively. In mixing direct-

"-.*" distillation gasolines with thermal- and catalytic-cracking and par-

ticularly with polymer gasolines, i.e., with products containing un-

saturated hydrocarbons or consisting of unsaturated hydrocarbons

(polymer gasoline) we find that the octane numbers of the mixtures are

higher than those calculated in accordance with the rule of additiv-.

"ity. Conversely, when direct-distillation gasolines are mixed with

components consisting primarily of such aromatic hydrocarbons as ben.-

zone, toluene, xylenes (pyrobenzene), the resultant mixtures have

lower octane numbers than those calculated in accordance with the irule

-if additvity. In adding -sopropylbenzene to direct-distillation gas-

olines, we find an additive change in the octane numter. The change in

* the octane number is almost additive in the case of direct-distilla-

• . Liun gasullnes mixed with catalytic-iefoxming gasolines.
*. When alkylgasoline is mixed with dizvct-distillation gasolines,

thet octaate numbers ot' the mixtA zes ave hither than those calculated,

and when alkylgasoline is mixed with thermal- and catalytic-cracking

-gaolines, the octane number is lower than that calculated.

The greatest deviation from additivity, in the ease of mixirg Is

-oltserzved with the addition of a sumall qaantity of a hlZh-octane com-

* porten3t.
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- Chapter 14

MOTOR-FUEL ADDITIVES

Additives are substances added to a fuel in small quantities to

improve its operational properties.
"At the same time, a single additive may have a complex action,

i.e., improve not one, but two or more operational properties of the

fuel.

One or more additives may be added to a fuel of a given type. As

a rule, additives are mixed into the fuel in quantities ranging from

thousandths to hundredths of a percent; for certain types of fuels,

additives are required in concentrations reaching 1-2% and more.

The action of additives is based on their participation in the

mechanism of processes that take place when the fuels are used; their

concentrations in the fuels are too small for the properties of the

additives to be added to those of the fuels.

The general specifications (1] set forth for additives reduce to

the following: 1) the additives must be effective in small concentra-

tions; 2)theymustburn completely without formation of deposits on the

engine's components; 3) they may not have a detrimental influence on

-any propertles of the fuels; 4) they must be thoroughly soluble in the

fuel and its components and only slightly soluble. in water; 5) they

muwt be atable (not decompose) under operational conditions; 6) they

must be plentifully available and their cost must not be high.

At the present time, the use of fuel additives is a particularly

Important factor in view of the increased demand for fuels and the
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"."harder" conditions under which they are used in the engines.

Additives enable us to produce a fuel conforming to the demands

", -. of the contemporary engine from seoond-quality raw materials, which

the industry is obliged to use in order to meet the growing demand for

"fuel. Additives have already come into commercial use to improve com-

bustion of fuels, raise its chemical stability, lower its corrosive

activity, reduce scale formation, and improve the properties of the

fuels at low temperatures; dispersing and other additives are also em-

ployed.

Research and tests on L.ew types of additives are being conducted;

these include multifunctional and mixed additives, use of which is ac-

quiring great importance.

ADDITIVES THAT IMPROVE THE MOTOR PROPERTIES OF FUELS

These additives include substances added to the fuel to improve

the actual combustion process of the fuel in the engine. Antiknock

compounds, which belong in this group of substances, are considered in

a special chapter as additives that have come into particularly wide-

,,-. spread use.

Additives that Improve Combustion of Diesel and Jet Fuels

Additives that accelerate the preflame oxidation of the fuel are

used to improve combustion of fuel in diesel engines. Certain nitro

and peroxide compounds have been found most effective for this purpose

(Table 72).

Other additives that may be used to improve cetane number are car-

bamates (e.-., isopropylmethylnitrocarbamate) and certain compounds of

* " mctalo *.:•, example, sodium) (221. The first amounts or additives

,'-ie the cetane number more than do subsequent amounts, although the

•iinwiu additive concentration is rather, high (from 0.1 to 1-2, b.,,

4-03-
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TABLE 72

Increase in Cetane Number of Diesel Fuels
Achieved by the Use of Certain Additives
"(2]

2 kottz fl0awmeuxo 4
STpaUOD I I 0Tamonoro

1 npucaRu .ncao OPaUwI i• caa npx'ourniua j• "I Ao6auaeauE

empH~op u iw i, i - 1

o nTponponax ..... 46.0 - 2,0 .. - 19,7
57,nu1nTponponan ........ 31,0 s,0 14,4

- HnTpO6YTaR ..... ........ 46,0 2,0 5,1
lhITpOOXTa& ...... .. .... 46,0 2,2 3,8"

T11..I paT .. ........... 55,0 2,0 19,0
".ByTu.nnTpaT .......... . . . 44,0 1,5 19,0

l.roxcnauiTpa?. .......... 39,0 1,5 17,60
2rOexnann~paT .......... 39,1 1,5 20t3
.l. o annnnTpaT ........... 39,i I's 20,3

l.3OhMpT 4 2,0 16.........,7, ••lloan#•'rp• ... .. 46.0. 2,0 NJ7
_.llepoxaci. 6yona ...... ..... 39,1 1,5 20.2
""6 lepoenca. renTunaa ....... 49,3 1,5 Oh

_Vl1epexuct, .tn-mpem•6yma. 55,9 1,0 15,2
n-•;-AIyvumoA.l . . . . .. 39,i .5 7.521n~a~r•.. . . . 39,1 1,5 3,5

1) Additive; 2) cetane number of fuel;
3) additive concentration, %; 4) increase
in cetane number on addition of additive;
5) sec-nitropropane; 6) dinitropropane;
7) n-trobutane; 8) nitrooctane.; 9) ethyl
nitrate; 10) butyl nitrate; 11) amyl
nitrate; 12 hexyl nitrate; 13) octyl
nitrate; 14 nonyl nitrate; 15) ethyl
nitrite; 16 Isoamyl nitrite; 17) butyl
peroxide; 18) heptyl peroxide; 19) di-

% tert-butyl peroxide; 20) n-dibutyl ether; 1"A
21) acetaldehyde.

Apart from raising the fuel's cetane number, these additives facil-

itate starting of the engine, which is of very great importance when

the engine is operated during the winter. , t.

The effects of additives depend on the chemical composition of

"the fuel: direct-distilled fuels are more sensitive to additives tfl'.n

- fuels obtained by cracking (1]. Thus, for example, addition of 0.15%

by volume of amyl nitrate* raises the tetane number of a direct-dis-

tilled fuel by 7 units, while that of a fuel obtained by catalytic

cracking is raised only by 3 units (22]. This additive is stable and

safe for storage, and is quite effective (4, 5].
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49.0 - During storage of fuels with certain ad-

S46.5 ditives used to raise cetane number, a subse-

440 " -quent drop in cetane number was observed (Fig.

A 41.5  115), since additives of this type are active

42 compounds and have inadequate chemical sta-
42 84 125 55'

B peM* Rpolemb, emuNJ bility [31. Consequently, not all effective

Fig. 115. Change in additives are in commercial use.
cetane number of
fuel during storage For domestic diesel fuels, the use of
after elevation of
cetane number with additives to raise cetane number is not of
additives [7]. 1)
Diesel fuel with great importance, since relatively small
nitrocarbamide; 2)
same fuel with per- amounts of low-cetane fuels are produced.
oxide additive; 3)
same fuel with. However, addition of such additives (for
nitrates; 4) same
fuel with nitroparaf- example, alkyl nitrate) to winter-grade diesel
fins. A) Cetane num-

. ber; B) storage time, fuels (with cetane numbers lower than 45-48)
days.

is recommended, particularly In view of their

beneficial influence on engine starting.

*~ Complete combustion of the fuel, stability of the flame with the

engine operating under various conditions, and minimum scale formation

is required for Jet-engine fuels.

These combustion characteristics of the fuel depend chiefly on

the design features of the engine, but they are determined to a con-.

sLderable degree by fuel quality as well.

in recent years, broad-scale research has been under way to im-

)rove comuustion of Jet-engine fuels by use of additives to them.

Complete combustion of Jet fuels and reduced scaling are achieved

by addition of additives of the same type as used to improve oombus-

.i.oi. or dWesel fuels. Thus, fortexample, combustion of a high-aromatic

'vuei -_as Improved considerably by addition of organic peroxldes [W.

Ct..'.tain sulfur compounds have been proposed for this same purtpuse: -

4-05-
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thiophenol pitch and tertiary butylthiophene [."

Diethyl ether, propylene oxide and nitrobenzene, ethyl nitrate,

and ethyl. and amyl nitrites in high concentrations (up to 5%) have

been found effective in inhibiting self-ignition of kerosene (1].

Combustion catalysts are added to the fuel to improve ocmbustion;

these are chiefly organic compounds of metals - copper, iron, chromium, .

cobalt, nickel or manganese that are soluble in the fuel (22]. The

S.ntroduction of such additives into the fuel may also produce unde-

sirable consequences - lowered chemical stability of the fuel, in-

creased ash content, and .so forth [22]. Most promising as additives

for Jet-engine fuels are those of the peroxide type and the alkyl

nitrates.

Additives that Reduce Scaling in Engines

Scaling in an engine, which depends on fuel quality, can be re-

duced by the use of certain additives. "Antbscaling" additives are

used basically with automobile ethylated gasolines and diesel fuels. TT

- ; Compounds containing phosphorus or boron [6, 1]* have come into

most widespread use as additives to ethylated automobile gasolines.

71 .These additives react with the lead compounds that form the basic part

*K1  of the scale on combustion of ethylated gasoline, and form chemical

compounds with lead that possess completely different properties.

"AiI For example, a compound of phosphorus with lead, Pb 3 (P,) 2 , re-

mains nonconductive at high temperatures, while the conductivity of-

the lead-and-bromine that forms part of the scale (Pb, Br2) [sic] drops

sharply even at moderate tem4peratures. It is this that accounts for

the improved operation of spark plugs when phosphorus additives are

added to gasoline (8). The practical effect of using such additives

may be illustrated by the following examples. Addition of a phosphorus

additive (tricresyl phosphate) to gasoline made it possible to more

. . . . .. . . .. ,, ..... . . . . . ...... *.b4  . .4 . . . -0

S.. . , .. .. . ... ..... .. .. . .. . -.. .- . ..... ... . .... .. ..... ...... ... .... . .- ,:...-. ..- * ,4*, * : . .,..-..- .* ..- ,, . '• --4"<



.:• i .- u.................... . ~ .. ..-... . . ...... ............ .. . ...... . . ..

than double the service lives of the

S1" -plugs without short-circaiting of the
. . . . . . . ..............electrodes (Fig. 116) [9].

2 - When eight autorobiles were road-

tested, it was established that the mile-

0. 5 age without fouling of spark plugs can

A BepeM ucnwmo~uRvoch be increased by 70 to 150% when phos-

Fig. 116. Influence of'phosphoru. aditivu e on phorus additives are used with the gaso-phosphorus additive on

change in spark-plug re-
sistance as a function of line.
test time [9]. 1) Ethyl-
ated gasoline without ad- When an engine has been operated
ditive; 2) ethylated gas- for a long time, its gasoline-octane-
oline with tricresyl phos-phate additive (plugphae sadditiveatplug number requirements usually rise; when a
works sati~sfactorily
while its resistance re- gasoline with phosphorus additives is
mains above the level in-
dicated by the brokenline). A) Plug resistance, employed, this increase in octane re-

megohm; B) test time, quirement is negligible.
hours.

TABLE 73
Variation in Engine's Octane Re-
quirement After Engine had Op-
erated on Gasoline Without Addi-
tives and with Phosphorus Addi-
tive [401

1 2 Tp• tnao oK,.auot 5
""lI• 61o TounfNA 1t104e Cunwue
paSTna u P 60TU U& Ua Tpe6yeaoro

A5T00U3~ iC@3 c $ofttoa qea

. 00 8s 2
a 00 86 4
3 02, 38 6

4 94 g0 4
5 94 so 8

so 988 a
7 06 96 08O 94 2

1) Vehicle; 2) required ruel oc-
tane ntumber after operation on
gasoline; 3) without additive; 4)
with phosphcrus additive; 5) re-
duction of required octane number.
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has Road tests run with motor vehicles indicated that after an engine 3_ -I,.

Ihas operated on a gasoline containing phosphorus additives, it can run

". . Jon a fuel with an octane number 2.8 units lower than after operation

on a gasoline without additives (Table 73).

*1 I The ability of phosphorus additives to prevent premature self-

Ignition cf the mixture is accounted for by the fact that the complex

compounds of phosphorus and lead that formed produce almost no lower-

ing of the ignition temperature of carbon, while the lead-bromine .com-

pounds (which form in the absence of additives) reduce it considerably• ~[10]. =

5020 #0 so 01 V /M tl WIQ E

Fig. 117. Influence of boron-
containing additives on re-

* ~qu ired gasoline octane number
[11]. 1) Without additive; 2)
"with butyl boron additive; 3o
experiment continued without
additive. A) Required octane
number; B) hours of operation.

Thus, the self-ignition temperatures of the deposits are as fol-

* llows:
* carbon (carbon black) ...... .,................. ... , .. .. ... ,. ,, ..5000

carbon and lead-bromine compounds...,... ............. ,...... 200-3000 ".,

carbon and lead-phosphorus compounds......................... 350-470°

For this reason, -the scales cannot act as self-ignition sources
when phosphorus additives are used [10]. "

MlT road tests of an engine operating on a gasoline with a phos -
", •phorus additive, the number of cases of premature ignition was half

I. h408



that observed in operation of the engine on a gasoline without addi-

tives.

"The action of the boron-containing additives is accounted for in

terms of suppression of the catalytic effect of the scale on the pre-

flame processes. In the absence of TES, such additives are ineffective

-- " [1].

Research indicates that the addition of 0.04% of a boron-contain-

ing additive to gasoline is equivalent to increasing the TES concen-

"tration from 1.07 to 1.4 ml/kg. The effect of adding a alkyl-boron ad-

ditive (butyl boron) may be seen from Fig. 117 [Ill. When an alkl-

boron additive was used, cases of premature self-ignition were reduced

by almost half and the total quantity of scale diminished.

A rather large number of different compounds have been studied as

a"-tiscaling additives; these include tributyl phosphite, trimethyl

phosphite or phosphate, chloropropyl thiophosphate, cyclic phosphate,

trialkyl phosphines, alkylaryl thiophosphates or thiophosphites, alkyl- -

boric acids or their esters, polyglycol esters of boric acid or esters

of the lower alcohols, glycol borates, etc. (23].

Two additives that are produced under the trade names ICC (Ethyl *-

Corporation) [12] and ICA (Shell) (8] have become the chief additives

used commercially in the USA.

The ICC additive contains basically chloropropyl thiophosphate.

• , It may be used in concentrations of 0.014% by volume with a TES con-

tent of 0.05% by volume in the gasoline.

The ICA additive - tricresyl phosphate (CH3 C6H4 0),PO4 - is an or-

.gaic cater of phosphoric acid. ki Oermany, this additive is produced

a. ,'er the-.x'ade name TCP (81. It is used in the same concentrations as

the thlochldorophospa~te additive.

* ..- A reduction in scaling in autouobJle hngines is also achieved

-"409 "
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. the use of addItives that improve completeness of fuel combustion. One

compound suggested for this purpose is an alcoholate (isopropylate) of

"aluminum in concentrations from 0.01 to 0.1%.

It is assumed that on decomposition in the combustion zone, the

additive forms aluminum oxide, which is mixed with the carbon and lead *i

deposits and contributes to scavenging of the scale in the form of

flakes [13]. H

Acetylacetone compounds of metals - triacetylacetone of iron and

*i acetylacetone of cobalt - have also been tested successfully in auto-

mobile engines. The additives are added to the fuel in quantities from

0.03 to 0.04% (on the metal) [14].

- Compounds that improve completeness of fuel combustion also con-

tribute to reducing scaling in diesel engines if these scales are
formed as a result of action of the fuel.

Scaling is promoted by the presence of considerable quantities of

polyaromatic and unsaturated hydrocarbons in the fuel, as well as cer-

tain sulfur compounds. Scaling is reduced effectively when high-

aromatic diesel fuels are employed by the addition of peroxide addi-

tives (e.g., isopropyl benzene hydroperoxide) [15].

7 One of the first diesel-fuel antiscaling additives - the additive

dislip - contains manganese, barium, calcium and phosphorus compounds

that are soluble in the fuel. The manganese salts serve as combustion

catalysts and reduce the quantity of scale; the phosphorus and alkali-

*.? metal compounds r~duce corrosion and scaling caused ty the sulfur ox-

* -ides; the phosphorus compounds modify the scale. Lanolin derivatives

are acded to the additive to improve its lubricating and protective

properties. The basic components of the additive dissolve in nonvola-

-. tile aromatic solvent.

Tests have shown that when a diesel fuel is used with the dislIp

"41-O
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additive, the quantity of scale on the nozzles was reduced and the con-

dition of the valves improved [16].

The amounts of scale and smoke formed were also reduced when

acetylacetone compounds of metals (iron, cobalt) were used as addi-

tives; these were added to diesel fuel in quantities from 0.03 to 0.04%

(on the metal) [14].

Increased scaling when high-sulfur diesel fuels are used is one

* .:. of the most serious operational difficulties, and one that can be elim-

inated to a considerable degree by the use of special fuel additives

(see page 434).

" ADDITIVES THAT IMPROVE CHEMICAL STABILITY OF FUELS UNDER OPERATIONAL
CONDITIONS

Additives of this type are most widely employed in fuel applica-

7i• tions. Additives that improve the chemical stability of fuels' under

operating conditions include substances added to the fuel to inhibit

t the oxidation processes that take place under conditions of prolonged

storage and in the engine's fuel system, to suppress the catalytic ac-

tion of active metals, which accelerate these processes, to disperse

insoluble oxidation products and prevent formation of these products

In the fuel; they also Include compounds that perform several func-

Inhibition of Fuel Oxidation Under Conditions of Storage and in Engine

Chemical cthangea caused by oxidation of unstable components talw

place in the fuels during transportation, pumping and prolonged stor-

age. Although these changes exert only a secondary influence on the

actual nLtou, properties of the fuels - their heats of combustion, coc-.

t:.ano or cetane numbers - they may sharply reduce the usefulness of the

.e±. 1n an e•sine, since the oxidation products interfere wt.:t>ur.s

4 -. ofrlratlon of the fuel system. in fuels that are by nature rtarticwI.
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* unstable chemically, the 'eonsequences of oxidative processes are even

more serious, and such fuels cannot, be used without chemical stabiliza-

tion.

Antioxidants are added to fuels to inhibit oxidation processes

[I]. They are introduced into the fuel in hundredths or thousandths of

a percent. The antioxidants break the chains of oxidation reactions in

the fuel. They may react with hydrocarbon or active peroxide radicals,

as well as hydroperoxides, with formation of nonactive radicals that

are incapable of perpetuating the oxidation-reaction chain. In contrib-

uting to conversion of the active compounds into stable states, they

prevent the development of chains and slow down the entire oxidation -

process.
The development of oxidation processes in a fuel containing an.

• .antioxidant takes place only after the additive has been exhausted.

Depending on the chemical composition of the fuel and the condi-

tions under which it is used, a given antioxidant may show varying ef-

,. fectiveness, since the relative activity of the interacting radicals

* may change [17]. For example, certain antioxidants that provide Guod

stabilization for unsaturated fuels are inefectiva in direct-distilla-

tion gasolines containing tetraethyl lead. Certain antioxidants that

stabilize gasolines are unsuitable for kerosenes and diesel fuels (18];

* 'additives that retard oxidation of fuels at storage temperatures are

not effective at elevated temperatures in the fuel system of an engine

(19]."

A large number of substances belonging to various chemical caasses

"have been studied as potential antioxidants; many active compounds

"" have been found, particularly among the phenols, aminophenols, alkyl

phenols and alkylamLnophenols, as well as among certaLi sulfur-contain-

"ir4g substa.nces [i]. At the present time, specific compounds and tech-
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nical products (Table 74) have come into use for fuels of various types

in domestic and foreign fuel-stabilization practice.

Alkyl phenols (Table 74) are general-purpose antioxidants sult-

in hydrocarbon media at various temperatures, and practically insol-

uble in water. The only shortcoming of these antioxidants is the high

concentration required in the fuel.

Aminophenols. (Table 74). N-_n-butyl-p-aminophenol is particularly

recommended in the USA for unsaturated fuels, but is also permitted by

the standards for ethylated aviation gasolines and Jet fuels; it is

produced in alcohol solution (50-52% of solvent). -t is not used in

domestic practice for stabilization of fuels,

Phenyl-p-aminophenol is an extremely good domestic antioxidant

for ethylated aviation gasolines, and one that is effective in very

low concentrations; It is also recommended for automobile gasolines

(but higher concentrations are required for theu) and Jet fuels. Its :

shortcoming is solubility in water at elevated temperatures and poor

solubility in fuels with higher molecular weights.

Amines (Table 74). Derivative of 2-phenylenediamine; recommended

for fuels containing cracking products, but permitted by USA standards

for aviation gasolines and Jet fuels. The deficiencies of the antiox-

iOdwit are its toxicity a'nd instability in storage. It Is not used in

domestic practice.

_Polyphenols (Table 74). Antioxidants of this type are used on a

limited scale; they are not suitable for stabilization of ethylated

•" db'!eot-kmsttlld Tusls. Trhe commercial antioxidants are technical prod..

uct'. t In which the content or active component Is smettmes less thain

F o. 1er this reason, and also as a result or the,'r relatively low eOt'-

feýtlvoness, they are used In considerably highor concentratlons t:
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the individu.. •or pour1-' -- ani tined ahovpr,

Wood tar distillates ware so~me of the first commercial antiox-

idants and are in use to this day for stabilization of automobile gas-

olines and tractor kerosenes. Ordinary antioxidant types are less ef-

ofotive in kerosenes. Improved wood tar additives ("pyrolyzate inhib-

itor preparation") are also satisfactory in kerosenes, including avia-

ticni kerosenes.

,.1. 34140 q

A to 20 39 4# A 0 -JVB spros. vaow B #peso. vcatu
Fig. 118. Influence of hy- Fig. 119. Influence of mer-
drocarbons on mercaptan captan structure on rate of
"oxidation rate in pres- their oxidation in the p-e-
ence of. antioxidant (butyl ence of antioxidant (in ole-
mereaptan) (21]. 1) Sat- finic hydrocarbons) [21].
urated; 2) alkylaromatic; 1) Tertiary; 2) secondary;
"3) olefins. A) Mercaptan- 3 primary; 4) aromatic. A)".[ •sulfur contentt, 9/1O0 MlI; Nercaptan-sulftx content,

"B) time, hours. g/lO0 ml; B) time, hours.

Antioxidants 'oased on coal-tar

Z,. 04).polyphenols (FCh-16, FCh.-4) are con-

-.. o, \t siderably more effective.

"A 5 V ao , W *0 U A shortcoomne of these antioxi-
B Sp'.. vow

,- {. 0.In•' ce o'an~ts- dants (as for the amines and a=ino-
'.. i oxidant on oxidation rate of" peos)I hllmtdslblt

b~t1 zrcat~a inoleinsphenols) is their limited solubility•. •buts• M•eraptan In olefins
,O.(2[11. 1) Without ant"Loxi-

dant; 2) with artAoxidant. nuel, and part~cularly n hA) K~rcapt-nsu!•tur cont.utA) 1O Mtl B) Letn h1ot-S, hlgh-molecularýwelght• ractIons (karo-

"enes, diesel fueol).

• 7: Antio adan.n are added to the fuel at that refineries directly dur-
Ing pr-duction, before oxidation pr•oducts have had time to accumulate
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l) Antioxidant; 2) chemical formula of active component; 3) typical
concentrations, % by weight; 4) physical properties; 5) external ap-
pearance;.6) density, g/cm3 ; 7) temperature, 0C; 8) boiling; 9) melt-
ing; 10) flash; 11) molecul.ar weight of active component; 12) range of
application; 13) alkyl phenols; 14) 2,6-di-tert-butyl-4-methyl-p -phenol
(ionol, topanol 0, DuPont 29); 15) white or-t=ht yellow oryatals; 16)
automotive gasolines, aviation gasolines, Jet fuels; 17) 2,4-dimethyl-
6-tert-butyl-p-phenol (topanol A); 18) pale yellow liquid; 19) same;
20 aminophenols; 21) phenyl- -aminophenol (D-hydroxydiphenylamine);
22 light gray powder; 23) av ation gasolines, automobile gasolines;
24 N-n-bh.ityl-p-amincphenol (UOP 4*), DuPont 5, tenamen 1); 25) liquid;
26 chiefly gasolines and aviation fuels; 27) amines; 28) NN'-di-sec-
butyl-p-phenylenediamine (UOP 5, DuPont 22, tenamen 2, topanol M)--9)

-. red liquid; 30) recommended for aviation kerosenes; chiefly for fuels
containing cracking products; for improvement of sulfur-containing gas-
olines; aviation gasolines; 31) polyphenols; 32) phenols from coal tar:
FCh-16, FCh-4; 33). mixture of polyphenols; 34) dark brown liquid; 35)
40% below 220, 90% above 270; 36) automotive gasolines, tractor kero-
senes; recommended for aviation kerosenes; 37) phenols from wood tar
(wood tar antioxidant B, U0?-l); 38) mixture of polyphenols and their
ethers; 39) same; 40) automobile gasolines, tractor kerosenes.

in it. When this is done, the effect of the antioxidant is maximal,

* since the additive is not consumed unproductively in reactions with

oxidation products that have already formed from the fuel. The period

of effectiveness of an antioxidant introduced into a fuel may be pro-

* Ilonged by addition of new doses of antioxidant during storage of the

fuel, in the stage when the initial dose of antioxidant has not yet

been fully exhausted (1]. The addition of antioxidant in fuel storage

may be effected by continuous injection of small quantities of anti-

oxidant (a slowly soluble substance is placed in the layer of fuel) or

by periodic injection of the entire prescribed dose [1].

A special region of application of certain antioxidants is their

use to improve gasolines containing mercaptans ("sweetening") [21].

It has been found in recent years that the antioxidant NN'-di-

s ec-butvyl--phenylenediamine accelerates oxidation of mercaptans to

-- disulftdos and sulfides at moderate temperatures. Here the antioxidant

takes tha role of a catalyst and is not itself used up, so that it is

-416



not necessary to introduce additional antioxidant to guarantee chemical

stability of the gasoline.

Sulfur-containing gasolines are improved by the use of antioxidant

at temperatures from 20 to 450, depending on the type of gasoline. The

gasoline is first washed with alkali (in one or two stages) and then

dosed with the NN'-di-sec-butyl-p-phenylenediamine, after which air is

passed through. Sometimes the air dissolved in the gasoline is suffi-

cient to oxidize the mercaptans, and it is not necessary to supply ad-

ditional air. The process is completed by the time the gasoline has

passed through the factory tanks (approximately one day).

In the presence of unsaturated hydrocarbons, the mercaptans oxi-

dize more readily (Fig. 118), so that thermal-cracking and catalytic-

cracking gasolines are sweetened better by the antioxidant than are

direct-distilled gasolines.

"The rate of oxidation depends on the type of mercaptans (Fig. 119);

aromatic mercaptans oxidize most easily.

The catalytic action of the antiox:Ldant may be seen in the exam-

ple furnished by the oxidation of n-butyl mercaptan in olefins (Fig.

120).

Apart from the above factors, the rate of the process depends on

the mercaptan concentration, the molecular weight of the mercaptans,

and the temperature of the procesp.

The process is run successfully at normal concentrations of the

.," antioxidant required *.or chemical stabilization; an increase in con-

centration does not produce an additional effect.

"Only antioxdents of this type are used to sweeten gasolinea oon-

tainlng mercaptans. Aminophenol antioxidants, on the other hand, in-

S hibLit mercaptan oxidation [211. Moreover, they are extracted by allili.-..

In the USA, sulfur-containing gasolines are successfully swee,..-
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SWith antioxicant• at a numler o opetroleuri refineries instead of using

doctor purification [211.

The use of existing commercial antioxidants in fuels guarantees

that they will retain their properties under ordinary conditions for

prolonged periods (J,3 years) and permit subsequent normal use in en-

gines. However, prolonged storage of a fuel in hot climates or normal

use of the fuel under comparatively severe conditions - elevated tern-

peratures, in the presence of nonferrous metals - is not always en-

sured by antioxidants alone.

The same applies to high-molecular fuels such as diesel fuels

that contain large amounts of unsaturated hydrocarbons and sulfur com-

pounds.

In these cases, the use of antioxidants alone is inadequate and

chemical stabilization of the fuels requires use of additives of other

types as well.

Suppression of Catalytic Action of Metals Under Conditions of Fuel
-Storae and in Engine Fuel Systems

Metals present in the oxidation zone in tho form of metallic sur-

faces, soluble salts, and so forth, accelerate oxidation of fuels. A

"very small quantity of metal is sufficient for its catalytic action to

be manifested, since catalysis is effected by ions of the metal (25-27].:...

Copper, copper alloys and certain other metals (vanadium and sometimes

lead) possess the highest catalytic activities [25, 28, 1]. In the

presence of an antioxidant, the influence of the metal comes particu-

- .... laxly strongly to the fore; the antioxidant is consumed rapidly and

• .. the fuel, left unprotected, begins to oxidize [27, 29].

in practical application of the fuels, the catalytic action of

metallic surfaces composed of active metals results in considerable

operational difficulties. Tar deposits form on nonferrous-metal compo- .
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"too - - -... nents (pickup tubes, filter screens,

.' 80- plungers) in the fuel systems of engines

.""- (automobile, Jet and diesel types) and
2- lower the dependability and economy of

...0 2 q 6 1 1210 to the engine. Traces of metals, including
B 8pem, xpase-HuA, meC.

S Fig. 121. Influence of active metals, are present in practically
• metal deactivator in sta-

metaldeactivautorobinetas- all fuels. It was established by inves-
bilizing automobile ~aso-" line during storage 129].
S l) Gasoline stabilized by tigation of 240 gasoline specimens (from
antioxidant only; 2) gas-
oline stabilized by anti- the columns) that, for example, 91% of
oxidant and metal deac-
S tivator. A) Actual tars, them contained 0.9 mg/liter of copper

•.i mg/100 ml; B) storage/tim ml;nt)hstorag[28]; this is quite sufficient for full
time., months.

TABLE 75
Effectiveness of Metal Deactivators in the
Presence of Various Antioxidants [1]

2 Cuou, .A.u 00 .46 a xpe8-uHr-XepoC•SeO,
3 4 4 5 c xeMon c o omene

1 AI m olceu zeaa 6ea ny AeaXTRu aTOPQ,"

zaerCsnaa .... NE ,agO-nnaauuau.
"HMuttO$OInona Aeuaruwaevua_-

_0,013% uuna 0,02%

811ouoa 02% ec..... 24 3 2
'1,(,una-n-axuuo~eaoa 0,2% 24 129 26 18

10''%.18 ....... . 21 32
24 64 19 28S " • 12.4€necliocuo.i-uuLd aipi

"1T3 0j,% '.....* *,'.- 19 ,87 21
""" 0% it 212 50

""-HI¶r oxidation for 4 hours at i00o.

1) Antioxidant; 2) tars, mg/l00 ml in cracking;,'i~i" kerosene*- 3) witbout metal; 4) in presence of "
copper; 51 with copper and deactivator; 6)
0.013% salicylidene-o-aminophenol; 7) 0.02%
disalicylidene-o-amiiiophenol; 8) ionol, 0.2%
by weight; 9) fienyl-p-aminophenol, 0.2%; 10)
FCh-16.l% [sic]; 11) h-4.l% (sic]; 12) wood
tar antioxidant, type Tr. 0.1%; 13) wood tar
"antioxidant, type B, 0.1%.

manifestation of its catalytilc action.

Spe•ial additives - metal deactivators - are added to fuels to .-
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suppress the cac!ialtic '2ction of e'-alisJ These additives are used to- r
gether with antioxidants to protect the latter from attack by metals

"[25-29]. Metal deactivators are added in concentrations 1/5 to 1/10
those of the antioxidants.

The action of these additives is based on their formation, with
the metallic ions, of complexes that are soluble -in the fuel and convert

the metals to inactive states [25-27]. For this reason, substances

capable of forming complexes of definite structure with metals are

"used as metal deactivators (26, 27]. Compounds of the most diverse

chemical classes are effective for this purpose.

The largest number of active metal deactivators is found among

compounds of the Schiff-base type (condensation products formed by hy-

droxyaromatic carbonyl compounds with amines, amino alcohols, amino-

phenols, etc.) and, in particular, the salicylidenes, which are con-

densation products of salicylal with amines or aminophenols [25-29].

Among the salicylidenes described as effective metal deactivators,

we note salicylidene-o-aminophenol, disalicylideneethylene diamine,

and tetrasalicylidene-tetra(aminomethyl)methane (25-29, 1].

The metals deactivators do not themselves possess antioxidant

properties, but on addition to a fuel containing an antioxidant, they

intensify its action considerably (Table 75).

Metals deactivators were first intended for stabilization of sul-

Cur-containing Sasolines that had been purified with copper salts,

since the traces of copper that remain in the gasoline cause a sharp

deterioration in its stability (25]. Subsequently, they came into use

'3in practically all fuels. Figures 121 and 122 illustrate the effective-

ness of a metal deactivator in stabilizing automobile gasoline and avi-

ation kerosene containing unsaturated hydrocarbons [1i, 29].
* ... , 4

*Comparatively extensive commercial use as a metals deactivator

• i - L420 -
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has been accorded abroad to disalicyli-

denepropylenediamine or NN'-disalicyl-

1, 2-propanediamine.

.40 H-j.- : • '--NtHO-6-N--

0 I 4n pure form, this is a dark amberSe24 K68 10

B 8pma oKucAemua, vEcm
.. liquid with a specific gravity of about

"Fig. 122. Influence of
"metal deactivator in sta- 1.08 and a pour point of -180 [28].

S... bilizing gasoline-kero--
* sene fractions (1]. (Ox- The metals deactivator is shipped

idation at 1100 in an at-
mosphere of air in the in a solvent - toluene or xylene - which
presence of copper in the
form of platelets.) 1) Ox- makes up 20% of the additive. The addi-
idation in absence of cop-
per, fuel without addi- tive is sold under various trade names -

tive; 2) oxidation in
presence of copper, fuel DMD, tetramen-60 [28].
"without additive; 3) oxi-
dation in the presence of Specifications provide for the ad-
"copper with metal deac-
"tivator added to fuel. A) dition of 0.005% by weight of the metal
Tars, mg/l0Q ml; B) oxi-
dation time, hours. deactivator to automobile gasolines and

Jet fuels (28, 22]. It is added to kerosene to improve color (28]. .

In addition, metal deactivator is used in certain complex addi-.

tives - FOA-208 and FOA-212, which are produced for stabilization of

7- diesel and boiler fuels [22]. In these additives, the metal deactivator
composes 8 and 12%, respectivy,ly but the basic component is the FOA.2

dispersing additive (Eee below).

Prevention of Sludge Formation in Engine's Intake System

In an engine'e fuel system (in the intake system), sludge depos-.

_ its form from tarry substances, nonvolatile products (dyes) and for-

ei4'" n lpurties.

To ensure cleanliness of the fuel system, special gasoline addi-

"tives have been proposed; these either dissolve the deposits or pr.-,
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vent adhesion of tl.h 3eo', •,o the .ta. by virtue of their surface-

active properties. Below we list certain compounds that have been pro-

-. posed as additives that wash sludge deposits out of automobile-engine

fuel systems: polymerized esters of unsaturated acids or copolymersK '. with vinyl acetate, amyl fumerate or maleate, silicones, silicones
.. with aryl phosphate, isopropane, etc. [23].

Additives of the neutral-oil type ensure the presence of liquid

S°"on the walls of the apparatus and thus keep the deposits in the sus-

pended state, assisting in scavenging them out. Simultaneously, they

. provide further lubrication for the intake valves, cylinder walls, and

piston rings. Such additives are added to gasoline in a concentration

of 0.5%.

Surface-active additives are used in concentrations from 3-4

mg/l00 ml.

Additives that clean the fuel system are not added to aviation

gasolines (23].

Improvement of Fuel Properties with Detergent Stabilizers

The chemical changes that take place in fuels under the conditions

of storage and in the engine's fuel system are accompanied by formation

' of both fuel-soluble and fuel-insoluble oxidation products.

Insoluble deposits are formed when Jet and particularly diesel

and boiler fuels containing cracking components are stored (30-34, 22].

The formation of deposits in direct-distilled Jet fuels at high

.-, temperature is a special problem; it is considered in Chapter 10.

Elimination of deposit formation in storage of diesel fuels be-

comes an imnportant operational problem, particularly when products of

catalytic cracking are used extensively in these fuels [30-37].
We note two types of deposits: sludges, which represent an emul-

sion of organic oxidation products in water, and gelatinous mercaptan

' -4122-



deposits, which consist of fuel that has been contaminated by small

quantities of copper mercaptides. The latter form when a sulfur-

*,*,,. containing fuel acts on copper alloys, from which fuel-apparatus com-

ponents are made.

A fuel containing insoluble deposits cannot be used normally be-

cause of clogging of the filters, screens and clearances in the engine

"nozzles (30-34.l. .

.......... . Special additives are used successfully to improve the operational

properties of fuels that are inclined to form deposits; these are the

detergent stabilizers. These additives perform several functions: they

prevent formation of deposits during storage by retarding oxidation

processes and prevent the insoluble products that have formed from pre-

cipitating by holding them in a fine-dispersed state. A mixture of ad-

ditives in which these functions are performed separately by two (or

." three) additives may be employed.

Dispersing agents apparently have their effect as a result of

2: their surfaoe-active properties as classioal stabilizers (peptizers)

of colloidal systems, preventing coagulation of colloidal particles of

insoluble oxidation products from the fuel.

"When the additive concentration in the fuel is inadequate, an in-

crease in the quantity of deposit was sometimes observed. This pheno-
menon is accounted for by the fact that in fuels in which the colloidal

"concentration is higher than the additive concentration, the latter

2:: may precipitate from solution together with these substances, while

with adequate concentrations it peptizes them successfully [34]. The
inhibiting effeot of the additives Is realized by the normal antioxi-

. .~�~iant mechanism.

* A large number of compounds have been suggested as additives to

", diesel and boiler fuels for use in preventing formation of deposit-.:
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Fig. 123. Influence of deter-
gent additives to fuel on clean-
"liness of filters [33, 341]. I)
Pump filters after 16 weeks of
operation at 600; 1) gas oil
without additive; 2) same gas
oil with 0.025% of No. 2 addi- -
tive; 3) same gas oil with
0.025% of No. I additive. II)

"': Filters from boiler installa-
tions: 1) fuel without addi-
tive; 2) fuel with commercial
additive; 3) fuel with experi-
mental additive.

* them; these belong chiefly to the classes of alicylamines, sulfonates,

naphthenates and phenolates of the alkaline-earth metals, phosphorus

compounds, fatty acids, and polar polymers containing nitrogen bases

4; [1, 22, 28, 35, 30]. Metals deactivators are also sometimes added to

such additives. These additives are classified as ashforming and non-

ashfoniting in accordance with their composition. The former group in-

eludes compounds containing metals (naphthenates, sulfonates, pheno-

"* lateas of metals), while the second includes amines, polar polymers,,

and other purely organic substances. Such additives are used not only

to prevent. formation of deposits, but also to clean apparatuszthat.
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. already been contaminated. In the latter

20oo , case, the additive concentration in the
10 . .fuel is increased (36, 37].

80 . The activity of good dispersing or
SO _ __... • multifunctional additives is expressed

.. A..o 1 ,U 6 5 10 12 , 1 1 .in an improvement in the filterability
B Ipew* cmaptswu npu 43; Rau

Fig. 124. Effectiveness of the fuel after storage and in greater
of dispersing stabilizers
in storage of diesel -cleanliness of the fuel-handling appa-
fuels (32]. (Based on

*,"•" light-dispersion changes-...--ratus (Fig. 123).
by insoluble particles
formed.) 1) Fuel without The inhibiting action of complex
additive; 2) fuel with
0.02% of additive. A) Dis- additives (detergent stabilizers) mani-
persion of light; B) ag-
ing time at 430, days. fests itself even in the very first

TABLE 76
Influence of Various Types of
Commercial Additives on Forzm-
tion of Insoluble Deposit in
Fuel During Storage (31]

finpo pva(i Uo0 eml ;

3MAN 2ORUD (uatCo

~Yat~ MOCDC .. I 0.6 7.6

1) Additive; 2) insoluble de-
posit in fuel (in nm!gO0 ml) af-
ter storage at 430; 3) 6 weeks;
.) 18 weeks; 5) without additive;

*'.," 6) alI•,lamine; 7) metal sulfo-
nate; 8) polar polymer.

stages or fuel storage (Fig. 124).

Although deposits do tom in fuels during storage even when they

havw ofrActive additives, the concentration by weight of these deposits

-' ~cosiderably lower (Table 76) and the structure of the deposit it;

,.Vd..Ced, since it does not cause clogging of filters (31].
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It has been r-tdo -not al.l • a ,-v cea1naing additives that

give a good account of themselves in oils are sufficiently effective

in diesel and boiler fuels.

TABLE 77
Suspending Action of Certain Dis-
persing Agents in the Presence
and Absence of Moisture [36]

* *2 Homm'ecmo eycena11-
* posauol caux UoUO

1 fpca~ xempez A~d. %

cyxot OxeocU 4

lSea npuceu . . . 0 : 8bCy,,o4a0T Da 0.5% •00 1 45
7fnoaup-& -umoamep0,5% s00 too

"1) Additive; 2) quantity of sus-
pended carbon after four days, %;
3) dry kerosene; 4) kerosene
"with 0.5% of water; 5) without
additive; 6) Ba sulfonate, 0.5%;
7) polar polymer, 0.5%.

TABLE 78
Effectiveness of Polar Polymer in Reducing
Quantity of Deposit on Nozzle Screens [36]

"T-oa ,.o --- - -I
UPROAaAu I eua~ I c~a

i',7aarn aa•=• -m.i 2.
8s, ..€ * sitpitlml

"A K NPUUN a w
AtP&V4W COP 0, 005

.4... .. . 0,0 4

1) Fuel; 2) additive concentration, % by
weighl; 3) "agin conditions; 4) time, months;
5) temperature, ,C; 6) insoluble deposit, zg;
7 light catalytic-cracking gas oil with sul-
fur content of 0.9% by weight; 8) without ad-
"ditive; 9) same; 10) same fuel containing 0.37%

.,by weight of sulfur; 11) room.
%%%

"*,"* This is accounted for by the different conditions of application:

-426.



fuel additives must show their influence at considerably lovtr tcamper.a-

tures, at which condensation of moisture is possible, and this may

:,. "poison" the additive (36].

Table 77 shows the influence of water on the suspending action of

certain additives with respect to insoluble products.

As will be seen from Table 6, the most effective dispersing agents

are additives of the polar polymer type. These compounds are products

of joint polymerization of two different types of monomers that per-

form different functions in the additive [36]. One of the monomers,

which is nonpolar in nature, ensures solubility of the additive in the

fuel, acting as an oleophilic component. The other monomer contains

nitrogen bases and is the active component of the additive. On the

whole, such additives may be characterized as hydrocarbon-soluble sur-

"face-active polymers containing nitrogen bases [36].

To a considerable degree, the propertie., of an additive depend on

the contents -*n it of thie components that perform the functions indi-

cated above.

"Still another nonpolar monomer, wh-.oh functL.ns only to elongate

"the polymer chain, may also be incorporau Ad in the additive (36].

Compounds of the following classes may be %ipyoyed as monomers

with various functions to produce polar copolymers: esters or amides

Vof mothacrylic or acryl.'io acids or polvmerizing polycarbox.!V c acids,
"". vinl -te�r o n carboxylic acids, :.d so forth.

-i"igh surface-active (suspending and dissolving) properties aiv

ensuxed in such additives by the presence of 1T41 groups in them. Neut-

""alization oi" these b"ao gsrour ' does not redfce the suspendizn. prop-

""[361.

kA copolymer of dodecyl methacrylate and diethy a1mine ethyl , c-

ac-.tLte in the proportions 80:20 hms been found most effective t-"
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-. t... :,,; .1 and b0.ler" ,- sstabilizer.. nhl [36, 35].
Table 78 indicates the influence of this additive on the filter-

ability of fuel after aging [36].

A typical additive among the class of polar polymers is the type
* FOA-2 additive (Fuel 01i Additive, No. 2 an additive to boiler fuel

* No, 2).

The additive is delivered in solvent kerosene; the active compo-

* nent - the polar polymer - composes 50% of it. The polymer incorporates

molecules of various sizes; the average molecular weight of the polymer

is about 50,000 (35]. Certain physical properties of the FOA-2 addi-

tive are listed below.

Density, g/cm3k. ....... ... 0.902

Flash point, 4c....,. .............. 41

Pour point, 0C...................... -29

Alkali equivalent, mg of KOH/g ..... 13.8

Solubility in water, % by weight... less than 0.01
0" Viscosity at 100° cst............. 65

The additive ia stable at various operating temperatures, either

* in the fuel or in pure froam. Decomposition of the additive's active

component intervmnes only, at temperatures above 4250 [35].

The additive is added to diesel, distillate and xrtedual bollor
fuels iW concentrationa ransin f7rom 2 to 17 minglO ml; the most com-

mon conacentrat±on is 4-8 zrqJ.1OO ml 9'351.
"To increaze the etVectivonenc of the additive and prevent tor-aaa-

tior4 of gelatinouc marcaptan deposits In su1ur -contaig eisa S-%l
•,t WDp~l rgaal •ufu-aoolnl- POis

"* of U4D nataa deactivator is added to It 3(10A-208 and OA-21?) U)).
The prownce of an active detevgent-staoilizer in the fuel fully

7-, so-ves the operational prvblem of preventit formation of deposits Iin

diesel f'ueos t•.at contain cratki£ng products.
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In addition, dispersing additives also facilitate mixing of fuels.

When diesel and boiler fuels of different origins (and different vis-

cosities) are mixed, we frequently observe precipitation of deposits

-as a result of changes in the properties of the solvent medium [37].

When detergents are present in the fuel, these difficulties do

"not arise. This advantageous property of additives is particujarly im-

. portant for railroad and marine transportation, which are obliged to

use fuels obtained at various geographical points.

The fuel additives described above are, as a rule, multifune-

tional: antioxidants, dispersing agents, and sometimes corrosion pre-

ventives (polar polymers).

This does not exclude the use, when necessary, of such additives

in mixtures with others to bolster one or another function, such as

" the anticorrosive or antioxidant properties.

ADDITIVES THAT REDUCE CORROSV ACTIVITY OF FUELS

Fuel hydrocarbons are, in themselves, substances that are not ag-

gressive toward metals, but the oxygen and sulfur compounds that ac-

company them in the fuels and the halogens in the antiknock compounds

may, under certain conditions, cause considerable corrosion of metals.

This property comes particularly to the fore in the presence of water.

Reduction of the corrosive activity of high-sulfur fuels, the pro-

duction of wkiich is increasing continuously, is of great importance.

The corrosive properties of fuels may be reduced to a considerable

degree by the use of various additives.

Reduction of Corrosion Due to Fuel-Oxidation Products

As oxidation produots - chiefly organio aoids - acoumulate during

storage of fuels, the corrosive aggressiveness of the fuels increases.

"Additives may inhi;bit this intensification of corrosive activf.ty

"of fuels either by retarding oxidation of the fuels or by foamin, , %XJ

4-29-
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protective fiLra on rne Q-Ja

":2 Oxidation is retarded by the usual antioxidant method; a protec-

tive film may be created either as a result of chemical reaction be-

tween the additive and the metal or as a result of formation of a mono-

molecular layer (barrier) due to oriented adsorption of the polar sub-.

'"' ~stances [38 ].

Beyond this, certain compounds may retard corrosion by neutraliz-

ing acid oxidation products.

'A ~~ 2 AE

B spew B 8pems
a b

Fig. 125. Kinetic corrosion
curves in the presence of vari-

* ous types of anticorrosion ad-
ditives (391. a) Inhibitor; b)
immunizer. 1) Without additive;
2) with additive. A) Corrosion;

>*.B time.

Anticorrosion agents are classified as imunizers,, inhibitors and

passivators in accordance with the kinetic mechanism by which they act

(39].

The immunizers include substances addition of which to hydrocar-

bons prolongs the inductiui period prior to the onset of intensive

corrosion; the inhibitors include additives addition of which lowers

"* the rate of corrosion, without any induction period coming into evi-

dence, and the passivators are compounds that prevent corrosion at the

very outset by forming a protectivtý film of corrosion products on the

metal surface (Fig. 125).

Oxidation inhibiting by antioxidants and metals deactivators was

discussed above. Stabilizing the fuel against oxidation, these addi-
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tives also perform the functions of substances that reduce corrosion.

. The actual anticorrosion additives are, however, certain compounds.,

of a polar nature or neutralizing substances. These include long-chain .

fatty acids, esters, diesters, salts of fatty and naphthenic acids,

hydroxycarboxylic acids, amines and other such compounds '40, 1, 22,

.23].

The addition to direct-distilled kerosene (T-i) of small quanti-

"ties (0.05-1%) of certain thiochloro- and amino-derivatives of hydro-

carbons of the aliphatic and aromatic series reduced corrosion (of car-

bon and low-alloy steels and magnesium) to a fraction [40].

Sulfonated stearic acid, chlorinated paraffin, chlorinated rubber,

"diphenylamine and other substances have been tested as such additives.

Some of these compounds protected steel from corrosion for over 1 year

or even prevented it completely [40].

Corrosion by oxidation products is intensified particularly in

the presence of water (dissolved in the hydrocarbons or present in the
L

form of a separate phase), since the part taken by electrochemical

"corrosion increases in this case. Acid oxidation products concentrate

in the aqueous phase as a result of their higher solubility in water,

and corrosion is sharply intensified. lDuring storage of ethylated gas-
i'.".

-'olines in the presence of moisture, coi,:oosion is aggravated as a re-

sult of hydrolysis of the halogen carrier (41, 42].

Corrosion of metals by ethylated gasoline was prevented by addi-

tion of sodium methoxydisulfamidoacetate CH3 (0H2 )IIH IS0 2 NHCH3 COONa to

it (0.05-0.1% by weight). The additive forms a protective film that is

"easily restored on damage on the Burfaoe of the metal [42)]

- , The usee-•' alkali-metal (sodium, potassium) and ammonium fluorides,

which ±eplaed in the gasoline in cartridge form, also gave positivo
.result in eth lated gasoline (42].

,-. . "* 3l
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Aminoalky2- phosphate3 have also come into use as neutralizing an-

f ticorrosion gasoline additives. They are products of the reaction be-

tween aliphatic blanched amines (C4 - C15) and alkyl phosphates (C8 -

C16) and contain, about 50% excess amine as against the theoretical

quantity. It is reoommended that the additives be present in aviation

gasolines in quantities from 0.002-0.05% [V'3]. Certain imidazoles may

be used in such an additive instead of the aliphatic amines [43].

Basically, corrosion by fuel oxidation products formed during

storage can be, for all practical purposes, prevented in the absence

of moisture by oxidation-stabilizing additives alone; in the presence

of water, however, the presence of such additives is inadequate and

special additives are sought that will, in one way or'another, protect

the metal of the apparatus from attack by aggressive compounds in the I..

fuel.

In the presence of water and air that is dissolved in the fuel,

the usual rusting of metals also takes place, and rust inhibitors are

used to prevent it.

A number of compounds such as, for example, salts of mepazin [sic]

sulfamidoacetic acids, n-dihydroxybenzophenone, the monoethyl ether of

ethylene glycol, N-acylamino acids, naphthenates, sorbitan esters and

pentaerythritol esters, amino- and ammonium sulfonates (mahogany-

colored sulfoacids) and others have been suggested as additives to pre-

vent corrosion of the apparatus by fuels in the presence of water [40,

22].

For example, a mixture of alkylmercaptoacetic acid and the acid

esters of monolaurylphosphoric or dioctylphosphoric acids has been

recommended to prevent corrosion in the presence of sea water [40].

.. , ... Naphthenates, sorbitan esters or pentaerythritol esters and other

substances are added to diesel and boiler fuels to inhibit rust.
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-... Commercial rust: inhibitors in concentrations of 0.008-0.01% by

weight considerably reduce corrosion of fuel lines, pumps, gauges and

tank cars [44]. Tank cars used in hauling fuel containing a rust in-

hibitor last for many years without protective coatings. In tests of a

"fuel with an additive in truck-trailer tanks over an 8-month period,

1/6 the amount of'rust formed as compared with the results of tests

run without the additive [44].

It was found on examination of gasoline-engine motor vehicles run

on a gasoline containing rust inhibitor that no corrosion was in evi-

dence in the carburetors, pumps, and gasoline tanks; the number of [re-

"placement] carburetors and pumps used by these vehicles was reduced by

75% [44].

Rust inhibitors are usually added to the fuel when it is to be

"shipped by tanker.

Rust inhibitors are added to automotive gasolines in concentra-

tions up to 3 mg/lO0 ml of the active component, to aviation gasolines

in quantities up to 6 mg/l00 ml (of the entire additive) [23] and to

"Jet, diesel and distillate boiler fuels in approximately the same quan-

tity [22].

Ammonium sulfonates and organic phosphorus compounds have come

into most extensive use as commercial rust inhibitors.

7... Rust inhibitors are, for the most part, compounds that are soluble

in the fuel, and they do not prevent corrosion in a water layer under

the fuel. Water-solv'le inhibitors such as sodium nitrite in combina-

- tion with alkaline materials are used for this purpose. Such inhibitors

oan be added directly to the tanki [22].

When fuels are used in engines operating near full load, where .

the temperature in the fuel system may rise high, corrosion or the

metal by fuel oxidation products is intensified manifold. The c r. -
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products may form a consi.derable. fraction of the insoluble deposits

and sludges that form at high temp-ratures in the fuel systems of Jet

and diesel engines; consequently, additives intended to improve the

operational properties of such fuels must possess anticorrosion prop-

erties or contain special antioorrosion agents.

Reduction of Corrosion Due to Sulfur Compounds in Fuels 'a-

Active sulfur compounds in fuels (elementary sulfur, hydrogen

sulfide, mercaptans) may cause corrosion of metals even at normal tem-

perature. When this happens, mercaptides (of copper or cadmium) form

on nonferrous-metal components (screens, filters, coatings, etc.),

taking the form of deposits that are not soluble in the fuel.

TABLE 79
Inhibition of Corrosion on Steel (Inhibition

,. Coefficient*) in High-Sulfur Automotive Gaso-
"line in the Presence of Inhibitor over 54 Days;:: [ 46 ]

~ouh~o~panu,3 Cpon _______

1 CTailb utriunTopa I aa o 16 ou X

a 60u tle Ointý2a n 3 vlo~ n .. x~a
11 16

2 4C 9 To we 9 Tome 76

"XJI,4 2,6 To w2S
40 00 4 .1

12 JIQ0 7,6

~~11OZU:ART t3oaU a OAUQJV3a Joasnan szuWia
1.A CXTo ...o To* 9 To..ei2 J1-2 I -- . - -

. T-Heinhibition coefficient indicates the fac-
"tor by which corrosion is reduced as compared
with uninhibited gasoline.

1) Steel; 2) concentration of inhibitor in gasoline; 3) me-
dium; 4) vapor phase; 5) fuel phase; 6) water-and-fuel phase;
7) ShL-I; 8) complete protection; 9) same; 10) sMhL-4; 11)
4s; 12) L-62.
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On combustion of the fuel, all sulfur compounds form aggressive

oxides of sulfur, which may produce both gaseous corrosion and acid

corrosion in an engine that has not been thoroughly warmed up or has

been allowed to cool off, as a result of formation of the aggressive

sulfuric acid on condensation of the water (45].

*'• Additives for preventibn-of corrosion produced by active sulfur

compounds in liquid fuel have not yet been adequately developed.

"Corrosion of copper by sulfur in hydrocarbons was reduced consid-

erably on addition of anthraquinone, aniline, triethanolamine, quino-

line, benzyl alcohol, pyrogallol, a-naphthylamine, phthalic anhydride,

phthalim'.de and other compounds (39]. The protective action of these

inhibitors was expressed basically in an increased induction period

before onset of corrosion. Anthraquinone added in quantities of 0.2%

provided full corrosion protection for copper for about 2 years, while

use of a fuel without additive resulted in formation of a sulfide

layer on the copper in a few seconds (39]. Under the test conditions,

:7. the various substances prolonged the induction (from 50 mtn to 18 days);

benzoyl peroxide and tetralin retarded the appearance of corrosion on

copper by more than 100 days (39].

Bronze and brass components of diesel-engine fuel apparatus are

protected from corrosion by sulfur-containing fuels (formation of mer-

captides) by the use of additives containing metals deactivators (28,

30]. Commercial additives of the polar-polymer type were noted to give

an anticorrosive effect for sulfur-containing diesel and boiler fuels

[351.
An Inhibitor prepaed from ammonia and benzoic acid (AMBA) ex-

hibits high effectiveness in protecting steels against corrosion by

"- sulfur-containing fuels in the presence of water [46). Table 79 i1lu3-

trates the corrosion retardation produced by these materials for v,- -
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ous steels in sulfur-containing (0.1%) automotive gasoline.

Tests of the inhibitor under operational conditions (in stationary

tanks and tankers), using sulfur-containing automotive gasoline, diesel

fuel and crude petroleum, indicated that a 0.01% concentration of the

inhibitor would provide the tanks with full oorrosion protection. The

* ' inhibitor may be introduced into the fuel by spraying the surface of

the empty tank or introduced into the ballast sea water [46].

Anticorrosion lubricating-oil additives are being used success-

fully to prevent corrosion and wear of engines by products of combus-

tion of sulfur-containing (diesel) fuel, but the greatest gain is

achieved when special anticorrosion agents are added to the fuel simul-

"taneously. B.V. Losikov and S.E. Kreyn obtained encouraging results

with such a combination when diesel fuels containing more than 1% of

sulfur were used; aliphatic amines with molecular weights from 85 to

90 and containing 9-11% of nitrogen [1] were added to the fuel as an

anticorrosion additive.

Zinc naphthenate has also been successfully tested as an anticor-

"rosion additive to high-sulfur diesel fuels containing about 1% of

sulfur; it is recommended that it be used in combination with an anti-

scaling additive to the lubricating oil [47]. The addition of 0.3% of

zinc naphthenate made it possible to reduce wear by approximately half

and thereby reduce it to the values characteristic for low-sulfur fuels. ";

Excellent results were also obtained on addition of alkali-metal

nitrates and carbonates to hifdh-sulfur diesel fuel. Wear of the piston

rings was reduced considerably in all engines where the fuel with the

additive was employed.

Additives that reduce corrosion by fuel-combustion products (48]

exert their influence by neutralizing sulfur oxides .and converting

them to noncorrosive compounds that are car:ried out with the exhaust

4- 36
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gases. Under the conditions of combustion, these additives form com-

pounds that react chemically with sulfur trioxide or sulfuric acid.

For example, alkali-metal nitrates may produce nitrites or oxides of -.:,

these metals, which then react with sulfur trioxide to form neutral or

volatile products [48]. Alkali-metal carbonates can act by the same

mechanism. Naphthenates of metals (zinc naphthenate) may, on combus-
tion, form compounds that protect the surface of the metal from attack

by the sulfur oxides [47].

Neutralizing additives may be introduced directly into the en-

gine's fuel system [45]. When an ammonium salt is added in this way to

"a high-sulfur (1.25% S) diesel fuel, piston-ring scorching and varnish

formation were eliminated completely and corrosive wear was reduced to

a minimum.

"The additive has a neutralizing effect and retards formation of

- the aggressive sulfur trioxide [45].

* ADDITIVES THAT IMPROVE OPERATIONAL PROPERTIES OF FUELS AT LOW TEMPERA-
TURES

Difficulties arise in operation with fuels under low-temperature

conditions, both as a result of changes in the properties of the fuel

. themselves, and as a result of freezing of water dissolved in the fuel

or present in the air.

Prevention of Changes in Fuel Properties at Low Temperatures

Low-temperature changes in a fuel that involve its chemical corn-

position are manifested in separation of crystals of solidified hydro-

carbons from it, increased viscosity, and freezing of the fuel. This

applies principally to diesel and Jet fuels produced from paraffinic

"petroleums (38, 491.

is' In addition to appropriate purification (deparaffinization), the

use of certain special depressor additives can also improve the low-
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TABLE, 80

Influence of AzN1i Depressor on Low-Temperature
Properties of Diesel Fuels (49]

'* "2 j 31Jh3HOTOMnopaTypMue.
S cno¢Cma TOillnjina

TnTonuuao nIMAX119 p 1a0wfl OUoPAYy.S9ecC. paTY m paT

I3.l.e.Bnoe Ton o .OTUO .a.e.. )0 npHCaN -- 12
gTo wo ............ ....... . 03 -7 -26............... 0,5 -8 -28

11 • -to03.................. .'.•.......oeT..I...a.......... •: ,
1pncaniw -49 10 -66

To we .............. 7 0,5. -53 Hume -70":+ •'l~~r130,116•T • cypaxanemnnl TAWe.uii* •• 03 tupnOaAK| +. -t'----6
ý T o .... . . .. 1.0 0 -25l raaoint1 Cypaxaucimu) rn ieA . . .. G3 np tc&A xun + 4 -16

• T 0 we .y . c. . .. . . . . .. . . . .. . . 1 10 -2
13•r"Pch 60% cypaxanc~oro"coanposoro ,-7--"Icy.1naT a 1 40% cypaxaucxoro

KCepoCna. ....... ..... ;60 upucaAK +" -+4
0 ;Re .. . . . . . .. . . . 1,o0s 1-3

'L.Ze't (60% cypaxancoro €o.inpo-
"PflO flUCTHMAJIT& 11 4004 jAoccop.
tOTro c aOPOCUD& ocp nicanu L0 -- 5
8 • e ... .... . . . . ... . .. ..o

" 1I) Fuel; 2) additive concentration, % by weight;

3) low-temperature properties of fuels; 4)
"clouding temperature, oC; 5) pour point, c;
6) summer-grade diesel fuel; 7) without addi-
tive; 8) same; 9) winter-grade diesel fuel;
10) below -70; 11) heavy Surakhany gas oil;
12) Surakhany gas oil; 13) mixture of 60%
Surakhany solar distillate and 40% of Surakhany
kerosene; 14) mixture of 60% of surakhany solar
distillate and 40% of Dossor kerosene.

temperature properties of fuels. They are added to diesel fuel to lower

its pour-point temperature and improve pumpability at low temperatures.

Depressors developed for lubricating oils and certain other substances

are the basic materials used for this purpose.
The following depressors are used for lubricating oils and diesel

fuels: condensation products of nonpolar organic compounds, e.g., of

naphthalene with a chlorinated paraffin (Paraflow, AzNII depressor),

etc.; condensation products of polar compounds (or of a nonpolar with

a polar compound) - Santopure, paraffin-phenol, etc.; Voltolizing prod-

. .: ucts - Voltols, soaps of multivalent cations, oxidation products of

high-molecular hydrocarbons (38, 49, 1].
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The action of the depressors is accounted for by adsorption of'',

the additive by the finem paraffin crystals, so that growth of these

crystals and formation of the crystal lattice are inhibited; it impedes

adsorption of liquid hydrocarbons by the paraffin, preventing formation

of gels [38, 22]. Other explanations have also been given for the ac-
I-:

tion of the depressors. It is believed that they convert the steric

structure of the paraffins into a compact structure [38], which would

explain the coagulating action of the additive and the improved fil-

terability of hydrocarbons with additives. The action of the depressors

is also accounted for by the fact that, dissolving in the hydrocarbons,

they act as crystallization centers about which paraffin crystals group;

this retards the formation of a crystal lattice and improves the flu-

idity of the hydrocarbon product [38].

The influence of a depressor on the pour point of a diesel fuel

is illustrated in Table 80.

It will be seen from these data that while it reduces the pour

point considerably, the depressor has virtually no influence on the

cloud point of the fuels, i.e., it does not inhibit the beginning of

paraffin crystallization, but does retard the growth of the crystals

"[(491.

The effectiveness of the depressor depends on the chemical compo-

sition of the fuel and the additive concentration (Table 80). The first

S". portions of additive have a more striking effect. An increase in the

additive concentration above a certain lim.2 produces practically no

esult.

Depressors m added only to fuels thtt have poor low-temperatui'e

propertloo, since they ara iseless in fuels that do not contain psvaf-

fins. T7e depressor concentration IIn distillate fuels ranges 1rom 0. 01

to O.1% L49 .22..
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Although depressors do not inhibit initial crystallization of

"paraffins and do not influence the limiting temperature of possible

filtration of the fuels, they facilitate transportation and pumping of

the fuel by virtue of the considerable pour-point depression (49].
Elimination of Ogerational Diffioulties Conneoted with •FreZing of Water

The operational difficulties that arise as a result of freezing

of water are expressed chiefly in icing of automotive-engine carbure-

tors in cold damp weather and in the formation of ice crystals in avia-

tion fuels.

Among the various methods that prevent or eliminate these effects,

we again find the use of certain additives.

, a Fuel additives that prevent icipr of automotive-engine carburetors
Sant icing addiyives)

-,,There are two known types of antiicing additives, each acting by

a different mechanism. Additives of the first type dissolve in water

to lower its freezing point. Additives of the second type, which are

surface-active substances, form envelopes on ice particles, and this

prevents their combining with one another or settling on the carburetor

walls (231.

Various alcohols, glycols, formamides and derivatives thereof are

used as antilcing additives of the first type. The additives are used

in quantities up to 0.5-2% (23, 1]. For example, diethylene glycol

monobutyl ether ±5 added to gasoline in a concentration of 0.05.-O.5% "'

by weight [50]. 7
Amines, ammonium phosahates, and other su-stances are used as ad-.

ditive. of the second type (233.

,, A test of the effectiveness of an antilcing additive on 56 vehicles

resulted in 10 cases of engine trouble (due to carburetor icing) in

operation on a Iue With the additive, as against 511 in operation on
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_ fuel without the additive (52].

Antiicing additives also prevent freezing of water in gasoline

"tanks and fuel pumps (51].

SAlso known as antiicing additives are such compounds as dimethyl-

carbinol with a solvent, branched glycols, such as 2-methylpentane-

-.. diol-2,4 dimethylformamide, glycerine monooleate, etc. (23].

b) Additives that prevent formation of ice crystals in aviation fuels

Ice crystals form in both aviation gasolines and fuels for jet

engines; this presents a great danger in the operation of aircraft.

The use' of fuel additives is an excellent way to counter this ef-

fect.

Certain alcohols, ethers and special fluids that form low-freezing

mixtures with water (49, 53, 57] may be used as such additives.

The additives are used in the fuel in quantities ranging from 0.1

to 0.5-1.0% by weight.

TA=E 81
Rate of Solution of Ice Crystals in

*.:" Puel with Addition of Additive (53,
49]

2jtosuw.co 2 4~ nfpexx W

l
"0.01 1 -W0 1 0 4 O
0.01 J -40 e.ee31.
""-1 -20 - I - t

OA-20 ' 0.3 17
-00.11 31

0.O~j - 03 ~ 28

1) t~tlty of Ice crystals in fuels
* yweight; 2) temperature of fuel

OC; 3) quantity or~ additive added to
rupa, % by wejZi-it; 4) ti'ie for solu-
tion of erystils,, minutes.

SuccegAastl application of isopropyl.. matIV1 or ethyl alcohol.,
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tetra-, penta- or hexaethylene glycols [23, 1] and other such compounds

for this purpose has been reported. Table 81 shows the influence of

""" one of the additives on fuel filterability at low temperatures and its

solvent action.

Additives not only prevent formation of ice crystals in the fuell

they also eliminate crystals that have already formed.

"Antlicing agents and additives used to prevent formation of ice

crystals have no detrimental effect on other properties of the fuel.

ADDITIVES THAT PREVENT ACCUMULATION OF STATIC ELECTRICITY IN FUELS

* Charges of static electricity may form in fuels when tanks are

"filled or when the fuel is transferred and filtered. Due to the low

conduotivities of hydrocarbons, these charges arm not 3ed away through

the tank and apparatus walls and the strength of the resulting electric

field may reach considerable values.

TABLE 82 -

Conductivities of Certain Peti.-o-
leum Products (54]

1 2~*~~

... . . . ...-

*A picoohm is 10"'2 o0m.
1) 7ot eum product; 27) conduc-
ti %vity,* picoollvmxi relN 3) aut~o-
mobile easollne; ) krosene 5)
diesel fuei; 6) crade petrole=.

Very strn a tLecdo form when -etroieum prcduota are pum4ped at

hi1W speeds, p iticulaxlv if ý,y a•r c.ontainated by impurit.les or

conta "I water (54]. Herae, diso .arge of the static electr±city in tim

form or sparks may tae place, and produco frL'e and explosions, in
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TABLE 83
Concentration of' Certain Compounds Necessary
to Produce Hydrocarbon Conductivities of 1000
picoohms-1 m-1 [54]

1 opin 2I .!__u4&WZ1000 AO

S 1elmaJ TeipnauoaMIH.rnitnpinuono~xtcauil ammouni . 53
.'Iurpoil1! Wena mapratuxa . .. ............ 29
BOU31111 PaCT1nop Ca-corn! Al (2-9Arelrocita) cyab.oo'xiuiu 2

11n1oDorl HIMOUco (CA-aRpoaorn4). .. .. ....... 2000
10 Bensox ~I ginonponnarcantngxtnaT Ca .. .. .. .. ...... 0
12 B011311 I PaCTRI)o Cr-co.in MOO'c B1ono- It AluafiixnnaRnn~-

A IUX IICAOT (Cr-Ac). .. .. .. .. .. ........ 6,2
14 3einunt 1 4AllTllCTaTlUqOOlnaR~ uPlnca~a 4ýnprmnw .Ileann 2

1) Fuel grade; 2) additive; 3) concentration,
kg/bOO in3 .; 4) benzene; 5) ammonium tetraiso-
amyl picrate; 6) ligroin; 7) manganese oleate;
8) gasoline; 9) solution of' Ca salt of di(2-
ethyihexyl) sulfosuccinic acid (Ca-aerosol);
10) benzene; 11) Ca diisopropylsalicylate; 12)
gasoline; 13) solution of Cr salt of mixture
of' mono- and dial1k"lsalicylic acids (Cr-Ac);
14) gasoline; 15) Shell "~antistatic"t additive.

the majority of cases, the discharges take place at projecting parts

of the tank (corrosion caverns, etc.), and sometimes directly in the

body of the liquid [55]. In the majority of cases, inside-tank explo-

sions have been observed while they were being filled,. particularly

with severe agitation and when water has been allowed to settle out.

* ~Clear petroleum products, i.e., all distillate fuels, are part~.cu-

* larly dangerous as regards accumulation of static electricity, since

they possess the lowest conductivities (Table 82).

Additives that raise the conductivities of fuels [54o 551 are em-
ployed to eliminate the danger of explosions due to accumulation of

static clectricity.

The conductivity muet be raised to values that gua~rantae rapid

diversion of charges to the walls of the apparatus mid tanks.

When the conductivity is raised to 20-50 r'tcoohrin mn th~e eee~-
tric field is sharply weakened. Wheii fuels are pum~pad at a speed oc,
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-10 m/sec or when they are filtered, the conductivity should be -500

picoohms m to guarantee dissipation of the charges. Petroleum prod-

ucts with conductivities above 1000 picoohms-- m are safe as regards

static-electricity accumulation in any operation [54].

certain (oaloium, chromium) salts of organio acids, oleates and

other compounds have been investigated for use as additives to raise

the conductivities of fuels ("antistatic" additives). Table 83 lists

the concentrations of certain additives necessary to guarantee safe

conductivity values in the fuels.

The Ca-aerosol additive contains 2% by weight of calcium and 55%

of a neutral solvent, and has an average molecular weight of about 2000.

The Cr-Ac additive contains chromium salts of mono- and dialkyl-

salicylic acids whose alkyl chains consist of 14-18 carbon atoms; the

"additive contains 2.1% by weight of chromium and 30% of neutral sol-

vent, and its average molecular weight is about 2500.

The phenomenon of synergism is observed when the additives >Ie

*.,. mixed: the combination of additives is found to be more effective than

its components taken alone. The Shell additive has been found most ef-

fective. It is a mixture of equal quantities of the Ca-aerosol additive

OT and the Cr-Ac additive and contains 42% of neutral solvent, 1.0% by

,* weight of calcium and 1.05% by weight of chromium.

It is recommended that this additive be used in the fuel in quan-

"* tities of 2 1% per 1000 m) of fuel. This concentration ensures safe

operation with th. fuel regardless of conditions. The additive is

;stable during storage. To introduce the additive into the fuel, a solu-

tion containirn 0.4 ke/rn of fuel is prepared and then mixed with the

fuel in the proper calculated quantity. The basic difficulty encoun-

tered in the use of the additive is that of storing it in the fuel in
the pre•ence of water. It waz established in a check of the storability
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TABLE 84
Relative Increase in Use of' Fuel Additives in
the USA [22,, 23]

35 flOTpc6JnonHz Hp1fcaAHn1,
J. fluca~iz 2Tzuiua TMe. PIL a rojA

1958 959 000 1961 11965

3 a 3=nonatx)HRAItOCTb ADTomo6nmalfuo Gen-
*(AUTBAeUToaop) 311nu ...... 336,5 347 M5 394

Annaiwuonume Gozi-
5 anu . .. .. .... 42,3 - 31t4 - 23,5

6 AHTHuarapniue * DTOM06UJIMUO Gen-
1111[CA ~ anu .. . . 0,93 0,98 1.11 .12

7 ASWOUWCAUTUR ,iDJTosto6iiubuO Gen-
annu . .. .. .... 3,04 3,11 3,2t 3,54

Annaixtinouuo Gen-
5 Onfum. .. .. .... 0,31 - 0,23 - 0,173

8 Ilardwuopu xoppo- 4 uoostuanL'hie Gen-slim a'nju .. .. ...... 1,81 1,85 1,95 - 2,13
AAllonnuome Gen-

Safluu .. .. ...... 0,258 0319 0,19 - 03145.-
o~xantiinu Tonan1na 0,272 0,303 0.33t 0,349

±U n3enhitue Touaina 1,05 1,089 1,11 t,138 -

A11 J3CTilana~ue xo-
Teanhwo Touwn= 1,=9 1,765 1,84 1,91

* . 12 )~eait~TOPU is- ADToMoGa~UJIne EN3-
Taxia& (autiius9 £4 ~u........0,s89 0,63 0,&M - 0,2
xoisnocm?) 10 AweanUiUe TOnDnsua 0,039 0,04 0,0408 0,0416 -

11AUCTliAJMaONO XO-
Tenbume iounzua 0,06Z5 0,0652 0,0679 0,07 -

13 CtafinuANSTOPW-1ý ,lueJbnMaO TOnJUwa 1,21 1,238 1,263 1,291 -

AliCUOPSOUIA? 1 JiUCfTJ!JATItWe KO-
Tesmweo tolinama 1,925 2.0 2,085 2,16 -

14 Aleupwca~opM u flg~muaernu~ 'on.'w1A 0.0181 0,020M M0,0 0.0217 -

ieawuw Toornaa 0.0=2 0,034 %0349 0,0383

15 flpacseau AwTomoGnuabuo Gau-0,30370,8 - 42
4 anu.........0.3030,372 0- 9 - ,0182

v4 Aocording to another source,. the quantity of
* ~antiscaling additives used in 1959 ws36

thousand tons/year (1).
1) Additive; 2) .fiel; 3) amount of additive,
thousands of tons per year; 3a). ethyl f luid
(antiknock compound); 4)automobile gasolines;
5) aviation gasolines; 6,) antiscaling additive*;

ant) oiLanab±XG&TS 8) orrasion iMhibitarIB; 9)
jet fuels; 10) diesel fluels; 11) distilla~te
boiler fuels; 12) metals deactivator's (active
component); 1.3) stabilizer detergents; 14) do-
Pr'essors; 15) dyes.
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of the additive in ligroin that was being shipped by tanker that the

conductivity of the ligroin had dropped by the time it had been un-

loaded from the tanker as compared with its initial value (950 and

2200 picoohmsl ml, respectively), but that the conductivity still

* i remained sufficiently high [54].

It should be noted that additives that raise the conductivities

of fuels ensure protection from discharges only in cases where low

-conductivity of the fuel is the chief cause of charge accumulation and,

2 consequently, addition of the additive to the fuel does not eliminate

-the necessity for grounding the tank.
i * *.

Fuel additives deliver considerable qualitative and economic

gains, and this has been responsible for the intensive development of

their application. For the sake of illustration, Table 84 presents

figures that. characterize the relative increase in the amounts of addi-

tives used in the USA during recent years and the prospects for con-

"tinued increase in the next few years (22, 23].

*) In 1960, a total of 404 thousand tons of additives were used; of

this, about 397 thousand tons were used in gasolines and about 7 thou-

sand tons in other distillate fuels.

Antiknock substances compose the basic quantity of additives used

iin gas.ilines: about 358 thousand tons per year, while the remainilng

gasoline additives make up about 39 thousand tons per year.
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Chapter 15

ANTIKNOCK COMPOUNDS

Antiknock compounds are additives that raise the detonation sta-

bility of fuels.

Metal-organic compounds and organic materials (e.g., hydrogen

compounds, ethers, and so forth) have been investigated as antiknock

additives. The metal-organic compoUnd3 Sre considerably more effec-

tive (Table 85); they are added to gasolines in concentrations ranging

"up to several tenths of a percent.

"Lead compounds and compounds of tin, thallium, bismuth, selenium,

tellurium, manganese, iron, cobalt, nickel, copper, chromium, indium

and a number of other metals possess antiknock properties [1]. Alkyl

metals, carbonyls, internal-complex metal salts and certain other

types of compounds have been extensively investigated as antiknock ad-

ditives [1]. In recent years, metal-organic compounds of a new type -

the cyclopentadienyl compounds.- have come under extensive scrutiny

* [22-24, 34, 351.

Organic antiknock compounds are less effective and are therefore

4 .-.'. added to the gasolines in considerably larger concentrations (ranging

in practice up to 4%) (18]. Normally, organic compounds are employed

only in combination With tetraethyl lead to lower ýconsumption of high-

octane gasoline components,

In addition to high effectiveness, an antiknock compound must

have a number of other necessary properties: satisfactory solubility

in gasolines; stability in storage, including vtability in gasoline
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solutions; the possibility of iufficlntily complete "scavenging" of

. the combustion products from the engine's cylinders, even though spe-

cial scavengers may be required; adequate volatility to prevent forma-

tion of deposits in the engine's induction system, and so forth. Non-

toxicity in yet another Important property of the antiknock compound.

This complex of specifications is, with the exception of toxicity,

most completely satisfied by tetraethyl lead, which is, at the present

time, the only antiknock substance that has come into practical use.

Antiknock agents are necessary for both aviation and automotive

gasolines, although the future of antiknock compounds is associated

"principally with the development-of reciprocating automotive engines

[15, 16, 25, 36 - 41, 43), since the basic engines now in use in avi-

atirn are jet types.

TABLE 85
Relative Effectiveness of Antiknock Agents
(I, 2]*

j OTOCUnTC~3M~aR

1 2 1OuYA& o aNpUTU'ecX01k
So__4 opT.ctOTa

C4144 I~As NtfO MSO

8 T*k•J, 3 flt .¶tt O .... ... 25.0

11 N" ~CO 300.
13P C I I J4 F.0O

Wfhe_ tf.ectivaness of' banzene Is taken a
un l ty.
1) Antiknock compounds; 2) formula; 3) rela-
tive effectiveness based on critical compres-
slon r'atio; 4) organic; 5) aniline; 6) "11i-
dine; 7) metal-organic; 8) tetraethyl; ý) di-
ethyl selenium; 10) dieth~yl tellurium;11

-. tetracar•bonyl nickel; 1.2) tetracarbo.y ir on;
," 13) tetraeU,-1 lead.
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TETRAETHYL LEAD

Tetraethyl lead was first prepared in 1852, but not until 1921

was a practical application found for it, and it remained an uncommon

laboratory preparation (1].

In 1921, Kettering, Midgely and Boyd [6] discovered the antiknockt..

properties of tetraethyl lead.

From the very beginning, the TES [tetrbaethyl lead]-based anti-

knock agent was produced in the form of etlhvl fluid, which is a mix-

ture of TES and lead "scavengers" - halogenoalkyls.

At the present time, the production of TES in the USA runs to

about 210 thousand tons/year (43] and still shows a tendency toward

further increases (Fig. 126), as is the case in other countries as

well.

:.The industrial method of producing tetraethyl lead is based on

* . the reaction of a lead-sodium alloy with ethyl chloride:

4PbN. + 4C41,1CJ- Pb (C4•) 4 + 3Pb + 4NaCI.

Rock salt, lead, and cracking gas or ethyl alcohol are the ini-
tial materials for the production of TES [1].

Metallic sodium and chlorine are produced by electro3lyis of the

rock salt. The former is fused with lead to produce a lead-aodium al.-

"loy conta.ning 90% lead and 10% sodium.

Chlorine Is used to produce hydro-.en chloride. Ethyl ohloride is.
obtained from hydrogen chloride and ethylene (or etvl alcohol) in the

presence of a catalyst. The TES Is produced byt the reaction indicated

from the alloy and ethyl chloride. The tmperature in the reacto•IS i
held at J0- 600, and the reacton takes t- 6 hour3. The ethyl whlo-

.. ride I-s taken In a quantity of 120%, fgured on the metallio d~um-

Dimst-ylamLne, triethylamine, pyridine, certain ethers and even me-

, tals such as zinc serve as the oatalysts.
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Tetraethyl ieadi 1-i dio;tliod with water from a mixture of products.
The yield of tetkraethyl .)ad1 Is approximately 80% on the metallic sodiumused.

At plants set in operation before 1957, TES is produced in batch-

" V.o Jo type reactors. In recent years, a more

sophisticated production process has

S__- been developed for TBS.

At one of the plants in the USA -

Mjg-1g,. 1945-1950"050-1955-1.055-11p which was placed in operation in 1957
2 .rAdw

Fg16In-- TES is already in production by a- Fig. 126. Increase in TES

[tetraethyl lead] production continuous process.
in the USA. 1) TES produc-
tion, thousands of tons; 2) Tetraethyl lead is a transparent
years.

colorless liquid with a specific

gravity d4 1.6524, boiling at 2000 with decomposition. It is not

soluble in water, but has good solubility in hydrocarbons, as well as

in alcohol, ether and acetone.

Thermal decomposition of TES forms metallic lead and the free

ethyl metal:

"At a tdmperature of 500 - 6000, TES decomposes completely in ac-

corance with the above ieaction. TES should be added to gasolines in

concentrations- no higher than 0. 3 - 0.4% by weight. (i. e., 3- 4 g/kg),

since further lnc-eases in Its concentration have virtually no effect

(Flg. 12T). Gasolines of different chemical compositions are charac-

terized by d ffe ven t ",eceptivities" to TES (Table 86).

Par'affiniv. h ocarbons ave most susceptible to TES; here,, aaf-

C Inic oCaben havin& lower ýact•i•e numbers aare more respo-lsive to

TES. Aremat= and unaaiuwrated ydr-ocarbons are characterized by the

loweSt TeEonse t 1 T1, while the naphthenI hydrocarbons occupy an

into•i dla~te po on.
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TABLE 86

Influence of TES :)n Antiknock Properties of Gaso-
lines (13]

1Tn 2 O I8 O? (iOtOp1uu zO On) UPI ips-T
use 2COAePPM0oniI WWI, 0. 14 . 0?Yt-M-R- - - 3,3 *In#

_________ 1__ _ _ 0I081t1.612 3,3 TW)E

"5Aaxna•enoa Apova•9ne6 98 9,,5 1,0.5 101 5
TAXmVAA, II~ouapa~sm = . 91 91 101 103 105 14

9B vewua B-b e is a a$eu .30. .. 70 80 85 87 89 19

llGeNanu rpon.eucxo flapasnmu 12 . • 59 70 79 84 86 27

l38aau. IRa.TUM.e- CoAePMnT 35% apo-
cusm Xpe"ura als'nqecxnx, 52%

yr.1eRoAopo;3 o. . 78 84 88 91 91 16
15Bisrmn leput'wecue- CAopn45--50%

Tro Xpeumra 1MenpeAeab•1bMI
39-44% naps- '

POfo. . . 0:7981.5

1) Fuel; 2) hydrocarbons predominating; 3) octane'
number (motor method) at TES content in g/k,; 4)

. octane-number increase on addition of 3. 3 g/kg of'
"TES; 5) alkylbenzene; 6) arontatic; 7) alky:late;
"8) isoparaffins; 9) B-70 gasoline from Baku pe-I
"troleums; 10) naphthenes; 11) gasoline from Groz-
nyy paraffinic petroleum; 12) paraffins; 13) cat-
alytic-cracking gasoline; 14) contains 35% aro-
matie, 52% paraffinic hydrocarbons; 15) thermal.
"cracking gasoline; 16) contains 45-50% of unsat-
urated and 39-44% of paraf'inic hydrocarbons.

"" I
SG1rTES Is more effective in ralsing

Ap ... msance number than octane number

4& ..... _ in ,asoines (see Fig. 127).

B..pae ue•t 7$,, U /" t ' , When sull"u.- compomnds are pre-

Fig. 127. Increase In oc- sent In ga~olnes, their r'eceptivity
tane number and perfor-
mance number (on rich mix- to TES diminishes (Pig. 126); during
ture) due to addition of

-, .. to a mixture of 66% stora..e depoasts precipitate from
aviation base and 32% a!-
kylate. 1) Perrormance num- eothylated gasollnes and the TES con-
ber; 2) octane number. A)
Octane number- B) TES con- centration diminIshes. The ,noq-e-st
tent, 9/kg; C1 performance -
number. antagonists" of TES a-mong the -ulru"
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"c-r:'.indsane the me'.rcaptans and disulfides;

these are followed by the thiophanes., sul-

lot L fides and thiophenes. The aromatic sulfides

and disulfides are less active in this re-

speot that. the corresponding alkyl sulfides
:".B relpo,1

and disulfides.•-'Fig. 128. Decrease in
The detrimental influence of sulfur

receptivity of gaso-
lines to ethyl fluid
in the presence of compounds on the antiknock properties of

"sulfur compounds e3a.
I) Butyl mercaptan; ethylated gasolines is apparently to be ac-

2dibutyl, mercaptan; cone
dibuty) sulfide;ed for by the fact that the sulfur com-

4$ thiophene. A) oc-
tane number; B) sul- pounds enter into reaction with the TES dur-'; ; fur, %
Cur. ing preparation of the mixture in the engine,

and even earlier - during storage of the gasolines-, for example, ac-

cording to the reaction

Pb (OjI&). +4RS1- Pb (S.)4 + CA

and lower the TES concentration (3].

MECHANISM. OF ANTIKNOCK ACTION

Simultaneously with development of the theory of detonation (see

Chapter 7), a theory was also developed to account for the mechanism

by which artiknock agents act I(, 4].

The conditions under which tetraethyl lead decomposes wer-e clarL-

---.-- .... fled as a result of research by various
VAt

14 authors.
. ' The deoonp��ttitn of TES begins at

- 2W (I].- The reaction of theormal decozpo-

2altien or MIS int the gaseous pha•e ia moono-

Pig. 129. OIdaU4an of 'Zoleculaz.
n-heptatie 'An tlhe ~e
sence of et0yl Nu.d The ttezvtal decomposition of ¶TES (like:. 31. 1) pen@de,%;
2) temperature, •C.tha of other metal-organic cozpouuds
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"of lead, tin and mercury) is autocatalytic and is accelerated on in-

troduction of finely dispersed lead.

In the presence of TES, the concentration of the peroxides formed

does not decline in hydrocarbon vapors when they are oxidized at temp-

eratures below 2000 (Fig. 129); as the temperature and decomposition

rate of TES increase, the concentration of the peroxides drops off

sharply [2, 3].

On the basis of the detonation theory (see Chapter 7) that he de-

veloped. A.S. Sokolik [2] proposed the following explanation for the

mechanism by which metal-organic antiknock agents of the tetraethyl-

lead type exert their influence. The first stresses the important

role that must be taken by free radicals formed during decay of the

metal-organic antidetonator. The introduction of free radicals should

accelerate the chain process c -aroxide decomposition in the cold-

flame stage and reduce the ccncentration of t•ese peroxides. It has

been shown experimentally that the introdtction of TES into an air-

and-hydrocarbon mixture sharply weakens the primary cold flame,, pro-

longs the secondary4_-lam=e___delaW and,. finally, inhibits development of

the hot explosion, shifting its range toward higher pressures.

The ability of the radicals formed on decomposition of TES to

accelerate decomposition of the peroxides was demonstrated experimen-

tally in experiments conducted In the liquid phase (4]. In this case,

formation of metallic lead is apparently excluded, and acce~eration of

the peroxide-decay process takes place solely as a result of the ac-

tion of the free radicals liberated in the decomposition of TES.

According to A.S. Sokolik, the role acquired by the metal in com-

plete decomposition of TES comes into evidence in the later stages of

the self-ignition process of the fuel-air mixture and amounts to do-

activation of the active particles formed in explosive decompositir•-
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of the peroxides.

.O - -- Certain features of the action of anti-

60 knock agents can be explained on the basis

,0 of the above premises.

1 ~ AS the TES oonoentx'ation in the f'uel
rises, the rise in the antiknock effect be-

66O 700- '40 780 (110
B Maxruma,'a comes slower (see Fig. 127), and when a cer-

ORkA, *K

Fig. 130. Influence tain concentration limit is exceeded, fur-
•iIof chemical composi-tnof chemical conposi- ther addition of TES may even encourage

tion of fuel on de-
composition of tetra-
":ethyl lead. 1) Diso- knocking. These effects are apparently to be

:'•:Ibutylene; 2) isooc-
butyene; 2)0% iSOOC- accounted for by an increase in the free-
tane; 3) 90% isooc-"i•:• tane + 10% n-heptane.
tAne +Un0d heomptaned S radical concentration with increasing con-
A) Undecomposed TES
%; B) maximum temp-
-erature of cycle, OK. centration of TES in the fuel; these radi-

cals are formed on decomposition of TES in

the pre-flame stages of the process. The free radicals can accelerate

not only the decomposition of peroxides, but their formation as a re-

sult of initiation of hydrocarbon oxidation. With increasing concen-

tration of TES above a certain limit, the latter process comes to pre-

dominate over the former. ...

At very high TES concentrations, there is a probability that

single-stage volume ignition takes place as a result of a sharp drop

in activation energy due to injection of large quantities of active

initial centers into the gas (2].

"Different hydrocarbon groups have differing receptivities to

* TES. The insignificant improvement of the antiknock properties of

olefins and the absence of any positive effect on addition of TES to

diolefins can be accounted for by the instability of the hydroxides of

these hydrocarbons and their easy decomposition to form inactive pro-

ducts even without assistance from TES.
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It has been shown experimentally K3] that during the pre-flaine
process in the engine, TES introduced into a solution of an olefin -

diisobutylene - is "consumed" at a rate lower than when it is intro-

duced into the engine in an isooctane solution (Fig. 130).

Benzene does not form peroxides, so that its octane number is not

raised by addition of TES [7].

The mechanism by which other antiknock agents act has not yet

been adequately illuminated at the present time.

LEAD "SCAVENGERS" AND ETHYL FLUID

During combustion of gasoline containing TES, lead oxide, which

has a low "volatility," forms in the engine; since the melting point

of lead oxide is rather high-(8880 y, some of it (about 10% figuired on

the lead introduced with the gasoline [28]) is deposited in the form

of a solid precipitate onto the combustion-chamber walls, spark plugs

. and valves; this quickly puts the engine out of commission.

Consequently, the widespread practical use of TES as an antiknock

" agent became possible only after Midgely applied special additives to

the TES- the alkylha±ides (C 2 HBr and C2HBr 2 ) - which came to be

known as lead "scavengers." The function of the "scavengers" consists

in converting the products of oxidative decomposition of TES (metallic

lead and lead oxide) into "volatile" halogen compounds of lead that

have considerably higher vapor pressures:

s*,. 2C3Hj.-*o2C2H, + 2HBr,
" '.4" PbO -211Br- PbB, -{ HO.,

"! , P,,br-i PbBrM + .Hj.

The melting points of halogen compounds of lead are rather low

, (e. ., 3700 for PbM,. 2 ); under the temperature conditions of an engine,

these compounds are i.n the vapor state. It is believed [283 that the

most complete scavenging of lead from the engine should be ensured 1-ý

the thermally least stable compounds, which are capable of decompoL
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quite completely even during the c j;n~sson stroke, with liberation

of the hydrogen halide (see above) or the free halogen.*-

II For the alkylhalides, an increase in the number of halogen atoms

in the molecule lowers their thermal stability and, as has been shown

by direot experiment on an engine, inoreases their effeotiveness as

lead scavengers (Fig. 131) [28].

'" 1However, Macauley writes [29] that

it is unfortunately not possible to

H.. 8H5 r ._._choose the TES scavengers from among

AiH 2B _H.& the compounds that are most effective
CH.- tp0. 2  as scavengers, basically for two rea-
340

.B Alum ifaOna A ma sons.

Fig. 131. Influence ex-
erted by degree of substi- Firstly, thermally unstable halo-

tution of hydrogen by bro-
m i a n rgen compounds are "antagonists" to TES:. mine in halogen carrier
upon deposition of lead in and depress the octane number of eth-
engine combustion chamberS[(28]. B-78 gasoline + 5 ml

]. TE 7 ga.5sentmolnes or 5 mylated gasoline by a considerable mar-
-of TES (2.5 centimoles or
8.246 g) per 1 kg of fuel.
A) gpead r I of quantit iu. gin. For example, the tertiary compounds:.:.•A) Lead, % of quantit• in -
troduced with uel; B are the thermally.east stable among the
number of bromine atoms.

allkylchlorides; on addition of tertiary

'1 butyl- and amylchlorides 4o ethylated gasoline in proportions close to

stoichiometric, the octane number of the gasoline is reduced by 2-6

points.

The mechanism of this effect is not yet sufficiently clear. It is

assumed [3] that the thermally stable halogen compounds form the hy-

.drogen halide (or halogen) at too low temperatures, and that these en-

"ter into reaction with the TES, reducing its concentration in the

fuel-air mixture. This assumption is confirmed by the fact that, for

example, 1HC1 is a stronger "antagonist" to TES than are the alkylchlo-

rides [30].
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Secondly,, the halogen-organic compounds

-. -that are most effective as scavengers may react
40 1

"". i-th TES even at the temperatures of storage;

here, deposits form in ethyl fluid and in eth-

ylated gasolines. Even Midgely observed these

A' -. 2 phenomena on addition of carbon tetrachloride to

0Z50$J - TES. After 1945, the firm "Ethyl Corporation"
.. :o 2,50 V 7.5,

.B rodep•Miu•u' •,'oCUnez -- tested 45 new lead scavengers, but none of them
Oa'sma.'fu Iv fgae

-- w-as -ourd-satisfactory, basically because of
Fig. 132. Influ-
ence exerted by thei., tendency toward undesirable reactions with
scavenger con-
centration on TES under the conditions of storage (29]. Such
quantity of scale
formed in combus- compounds as 1,1,2-tribromoethane and 1,l,2,2-te-
-ton chamber with

"engine operating trabromoethane have also gone unused for the
on ethylated gas-
oljne [17] (con- same reason [31].
ditions same as
for Fig. 6). 1) At the present time, only alkylhalides with
Dibromoethane;
2) dichloroe- 1-2 halogen atoms and 2-3 carbon atoms in the
thane. A) Weight
of scale, Z; B) molecule (ethyl bromide, dibromoethane, dichlo-
content of scav-
enger, centimoles roethane, and 1,2-bromopropane, see Table 87)
per I kg; C) sto±-
chiometric pro- are used in practice as lead scavengers.
portions.

The introduction of the scavengers together

with the TES into gasolines in the stoichiometric proportions (2 atoms

of halogen per 1 lead atom) raises the degree to which the lead is

scavenged from the combustion chamber to 97-98% (28] (as against 90%

without the scavenger), and has no-influence on the gasoline's octane

number; the latter does not change even when the scavenger concentra-

tion Is doubled [30).

When the scavenger concentration is raised above the stoichiome-

tric level, the degree to which lead is scavenged from the combustion

chamber is increased by an additional small amount (Fig. 132).
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However, substantial increases ½ the scavenger concentration in

the gasoline are not permissible because of the increased combustion-

"chamber corrosion by the residual free hydrogen halide formed on de-

composition of the scavenger. Thus, it was established in tests on

aviation engines [32] that an increase of the scavenger content in the

"ethyl fluid by a factor of 1. 5-2 over the stoichiometric proportions

results in considerable acceleration of spark-plug and valve attri-

tion. After 18 hours of operation of an aviation engine on ethylated

gasoline with a doubled content of scavenger, the rate of valve corro-

sion was 5-6 times that observed in an engine operating on a gasoline

with the normal scavenger content [32], although the quantity of the

deposits in the first engine was much smaller. Normally, the scavenger

excess is about 10-15% over the stoichiometric composition for those

types of ethyl fluids in which only bromine compounds are used as

scavengers (aviation ethyl fluid). If the ethyl fluid contains alkyl-

chlorides and alkylbromides as scavengers, the scavenger content is

made larger relative to the amount of TES. Thus, I mole of dichloro-

ethane and 0.5 mole of dibromoethane are required per.1 mole of TES in

"American automotivP ethyl fluid [30],.'
**1

This is accounted for by the fact that the alkylchlorides are

Qonsiderably less effective as lead scavengers than the alkylbromides;

this can be seen even from Fig. 132. A particularly distinct differ-

ence between the effectivenesses of chlorine and bromine scavengers

came to light in tests of a GAZ-MM automotive engine on gasolines con-

taining 3 ml/kg of ethyl fluid with two different scavengers - ethyl

bromide and dichloroethane (3). The engine operated normally for

247 bours on the ethylated gasoline with ethyl bromide (the entire

test period). In the engine tested on the gasoline containing dichloro-

ethane as a scavenger, the plugs failed after only 10 hours of opera-
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"tion as a result of lead deposition, and the valves burned out after

76 hours.

4, TABLE 87

Physical Properties of Lead Scavengers (1)
'44

"r 2 43pai Tufl JM PUpo

VAD•,I-Mt aeca -p200 C .. . 1,460 24182 0.8943 1,933
I Bnxocba p- 15° ccm ... 4.18 1188 '0 --

sTenepaTypa anne-a .O . 34.4 131.7 12.5 141,6
TeSnepaTypa anauenu., Cle -119 +10 -138,7 -55,5

XnYnpyroTru napos no Pedy
z 20pn0 C, AA pT. ... 399 8,75 1044.24 5.82

1) Indicator; 2) ethyl bromide; 3) dibromo-
ethane; 4) ethyl chloride; 5) dibromopropane;
6) specific gravity at 20oc; 7) viscosity at
1500, cst; ) boilirtg point, 0C; 9) melting
"point, oC; 10) Reid vapor pressure at 200C,
mHg. i

The lower effectiveness of alkylchlorides as lead scavengers as

compared with the alkylbromides &--c6unted for'by"the lower "'bI-

tility" (i.e., lower vapor pressure) of the chlorine compounds of lead

as compared with its bromine compounds [33].

Aside from their effectiveness, the scavengers differ in a number

of physical properties that are important from an operational stand-

point (Table 87).
Dibromopropane, which has a boiling point near that of TES, is a

superior scavenger; the curves of vapor pressure as a function of

temperature for dibromopropane and TES are also similar, and this en-

sures the most uniform metering of TES and scavenger among the cy-

linders of the engine [3). Unlike ethyl bromide, dibromopropane does

"not evaporate from the gasolines during storage and, unlike dibromo-
I "i ethane, it does not crystallize out of the ethyl fluid when the temp-

erature drops below -5 to -8°.

TYPES OF ETHYL FLUID
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*,The different types t'f thYl fluid contain different. scavengers

(Table 88). The basic types of ethyl fluid have not undergone any es-

sential changes in the postwar years, either as regards their com-

position or as regards their standardized physicochemical indices.

The new type P-2 ethyl fluid, which contains dibromopropane- as a

scavenger and is suverior to other types of ethyl fluid by virtue of
its operational properties, has been developed in the USSR.

Only bromine-based scavengers are employed in the USSR. A mixture

of alkylbromides and chlorides is used in the automotive fluids pro-

duced in the USA and other countries. 1 ml of R-9 fluid is equivalent

in antiknock effect to 0.8 ml of I-TS fluid or 0.9 ml of P-2 fluid.

Two new problems that are of great practical importance for op-

erations arose during the postwar years in application of ethyl fluid

and ethylated gasolines. It was found that during storage, the ethyl

fluid may undergo "aging." The content of trialkyl lead compounds in .

* it increases sharply, and, after a certain time, a deposit consisting

' of various insoluble lead compounds makes its appearance.

Ethylated gasolines are stabilized with antioxidants to prevent

* decomposition of TES during their storage. The receptiveness of gaso-

lines containing "aged" ethyl fuid to antioxidants diminishes sharply

and the stability level of the ethylated gasolines to which this ethyl

Accordingly, the (Soviet] technical specifications provide for

"introduction of the ethyl fluid at the point at which the antioxidant

•- (2-hydroxydiphenylamine) is produced insa concentration of 0.02-0.03%

"by weight; this prevents aging of the ethyl fluid during storage. Si-

"multaneously, provision is made for determining the sitability period

of the solution of stabilized ethyl fluid in n-heptane at the point of

production. The stability period, i.e., the time from the beginning of
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TABLE 88
Composition of Various Types of Ethyl Fluid

)IRnMOCTR CMlA, Attranu,
. .- o w 6 opr [i5, 1, 26, 271

1.-on� .- 1q5 1t-TT 80.62 9
• fl a ana-[ antosiO. Q' nIT-

3p", n. mw ATO- s* .* ___________________ I inn 61tnbiag

O'. TC1 % seo me ,H e . . . 54,0 58,0155,0 6 1,41 61,48 63,3 54U5
epo.. .. *... ... 33,0 a -nxenee -l . . .. . ..3, .. . . . . .

An~pouamau a % see. Re me-
aee 12 .. ........ . - 38,0- 35,68 17,86 25,75 36,4

A-X" • HopBu . % -eC. He M.-
"nee .3 . ... e... - -- 18,81 8,72 --

A.16poranppnan a % •"a. no
-eneo . .. . . .. 1.5. - 34.4 - - -

,--Mouoxaopafanu, mAc. 6,8 m 0,5+-55 - - - 9,0
KpaCUTenn, % Bee. -Lb. 014 0.5 0, 0,05 0,12 0%1SHanonsmT04, (xepoenu Ran ý,2

17 uezu) ......... OcTaMA.uoe HOnIU OecTUor•',~( 10 " 100t%)

l3 Components; 2) fluids used in USSR; 3) R-9;
4 I-TS; 5) P-2,-6)--fluids used in USA, Eng-
'-and, and West Germany (18, 1, 26, 27]; 7) 1-T
aviation; 8) 0-62 automotive; 9) type I; 10)
TES in % by weight no less than; 11) ethyl
bromide in % by weight no less than; 12) di-
bromoethane in % by weight no less than; 13)
dichloroethane in % by weight no less than;
14) dibromopropane in % by weight no less than;
15) c-monochloronaphthalene, % by weight; 16)
dyes, % by weight; 17) vehicle (kerosene or
gasoline); 18) remainder (to 100%).

oxidation of the heptane solution of ethyl fluid at 1000 to the onset

of decomposition of the TES, as determined from the turbidity, should

be no less than 7 hours.

Problems related to the decomposition of TES in aviation gasoline

during storage are considered in detail in Chapter 18.

In automotive engines having high compression ratios (ac 9 to

12), the problem of scaling acquires great practica:1. importance. With

the engine operating on ethylated gasoline, scales consisting -of 60-

"90% lead form in the combustion chamber and cause serious difficulties

in operation. Glowing scale particles. are sources of spontaneous, un-

controlled "surface" ignition of the mixture. These scales :ontribu _

to pr.emature failure of spark plugs and raise the octane-number re-
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quirement of the engine.

The addition of special phosphorus-containing additives to eth-

ylate'd automotive gasolines is a rather effective way of countering

the detrimental influence of scale on engine operation.

Phosphorus In the most e*teotve of the known "antagonists" of

TES; consequently, the phosphorus additives should be introduced in

minimal concentrations in order not to depress the antiknock proper-

"ties of the gasolines (30].

PENTACARBONYL IRON (PKZh) AND DICYCLOPENTADIENYL IRON (FERROCENE)

Pentacarbonyl iron Fe(CO) 5 is one of the first metal-organic an-

tiknock agents subjected to extensive testing in engines after TES

[17]. The antiknock properties of pentacarbonyl iron (PKzh) were dis-

* covered at the beginning of the nineteen-twenties.

"Pentacarbonyl iron is produced as a result of the reaction of

carbon monoxide with reduced metallic iron at high pressures and temp-

* eratures.

Pentacarbonyl iron is a pale yellow liquid with a specific grav-
20 0ity d1 0 1.457, a boiling point of 102.5 , and a melting point of

,21° 0it is not soluble in water. It decomposes in light with forma-

tion of a solid precipitate Fe(CO) 9 , which is capable of self-igni-

* tion; it is nontoxic. Pentacarbonyl iron is about 15-20% inferior to

TES as regards effectiveness (see Table 85); it is usually added to

the fuel in a concontration of 0.2-0.8% by volume.

* , Tests of automotive, aviation and tractor (17] engines operating

on fuels with PKZh showed that deposits of ferric oxide form in the

engine's combustion chambers and result in premature wear and burnout

of the valves. Halogen compounds are not effective as scavengers with

respect to PKZh. On combustion of a fuel containing PKZh and halogen
compounds it is basically Fe 2 03 that forms rather than the halogen
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compounds of iron [2], Due to the lack of effective scavengers, PKZh

has not come into practical use as an antilmock agent.

Another iron antiknock agemt that wa,-
2 widely tested in the nineteen-fifties is di-

oyolopentadienyl ir'on Pe(05H5),wihi

• 55 - - also known as ferrocene. Ferrocene was first

- - -"synthesized in 1951 (19, 22-231.
41 42- 43B &w-ouaa 8obz hoj. Perrocene is a yellow crystalline sub-

Fig. 133. Effective- stance having a melting point of 1740 and a
ness of ferrocene and
PKZh. 1) Ferrocene; 2) boiling point of 2490; it begins to distill
PKZh. A) Octane nun-
ber of gasoline; B) over 1000; thermally, it is highly stable:
concentration of ad-
ditives, % by weight. its vapors do not decompose on heating to

47o0.
Ferrocene has good solubility in hydrocarbons and produces stable

gasoline solutions; it is nontoxic [20].

* One of the industrial methods of producing ferrocene is that
based on the reaction of ferrous chloride with cyclopentadiene in the

presence of substances that combine the hydrogen chloride that is lib-

. erated in this process (diethylamine, sodium ethylate) [20, 21].

"As an antknock agent, ferrocene is weaker than TES and approxi-
mately equivalent to PM (Fig. 133); unlike the latter, it has the

ability to raise the octane numbers of even ethylated gasolines.

On addition of 0. 15% by weight of ferrocene to a direct-distilled

"gasoline from Tmy&ayy petroleum, the octane number of the gaso-

line was raised from 46 to 61 [23]* the presence of sulfur compounds

in the gasoline has virtually no influence on the "receptivity" of the

gasoline to ferrocene [24].

However, there is little prospect of practical application for

ferrocene, since, like pentacarbonyl iron, it forms ferric oxide on-
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combustion; thils oxide Is deposited 41n the ongine and shortens its

service life (20, 24].

Ferrocene may be used as an antiscaling additive for jet fuels

and as an additive to fuels for kerosene lamps. increasing their

oandle power~ without irioreasing th~e amount of smoke formed.

INTRACOMPLEX COPPER COMPOUNDS

The metal-organic compounds of certain metals., including copper,

that possess adequate solubility in gasoline and are stable against

oxidation may be produced only in the form of the so-called intracom-

plex. compounds.

Cyclic compounds in which the metal is linked with one terminal

group by an ionic bond and with the other by a coordination bond are

* also known as int~racomplex compounds; examples are derivatives of

aminomethylene ketones (I).. salicylalimizzes (II), acylamidines, and

the like:,

jIC Cl

10

The antiknock propertioz of intracomplex coppez., salts were dia-

covered in Holland and investigated in many countries fromi 193141942

* (10-123.

Intracomplex s~alts of~ copper are characterized by rather Ush n

tikniock effectiveness. On addition to automotive gasoline with an 00-

tane numiber of 54.8, compounis of type I 1n concentorations correspond-

Ing to a content of 0. 1% of copper In the gasoline, the ocan 'rambe

Is raised to 64.6.

How~ever, hepatents indiccate (12] ithat ty-pe I compounds are nev-

ertheles8 unstable in storý-go; to prevent foV~ation of deposits, It. Is
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recommended that stabilizers- aromatic amines in concentrations of

"5-10% - be added to them.

The problem of the possibility of "scavenging" copper from the

engine's combustion chamber is not elucidated in the literature. It is

known [13] that the introduction of even traces of copper salts into

. gasolines sharply accelerates their oxidation. Consequently, gasolines

containing 0.1% of copper tar quite rapidly during storage and may

form tarry deposits in the engine's induction system. Intracomplex

"* copper salts have not come into practical use.

MANGANESE METHYLCYCIOPENTADIENYL TRICARBONYL (MD-O=T OR AK-33X)

* In 1957, the firm "Ethyl Corporation" (USA) patented a new type

. of antiknock compound - cyclopentadienyl tricarbonyl compounds of

* manganese having the general formula AMn(CO) 3 ; the cyclopentadienyl

'. group A may contain from 5 to 17 carbon atoms.

TALBLE 89ý
Physical Properties of Cyclopentadie.. l
TrIcarbonyl Compour...s of Manganese [34)

V1 , a AP*4
* flaomoc ~eWT- U.e=xo•

j--6

I) Property; 2) cyclopentadienyl tricar-
borWl msganese; 3) methylcyclopei.tad-
enyl tricatrtWnl manganese AK-31); 41
density; 5) meltin4 point, •, 61 boUl-

Sing point, Oc.

-a The reqirements set forth for ant-knock compounds a5 regards

their complex of physicochemical properties (Table 89) Is moast fully

satisfied by manganese methylcyclopentadienyrl tricarbonyl

'. CH3-C n(CO)3, which was designated AK-33X an is also known by Z-49
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abbreviation MD.,CVT (methyl derivative of

cyclopentadienyl manganese tricarbonyl
IIMc8,7 tm*Tit1

S;V` ý_F -Manganese cyclopentadienyl tricar-

,uc• ,L' r bo_,nyl is a solid, while AK-33X is a low-

- 'iscosity amber liquid; AK-33X is not aol-

C32 ( uble in water, dissolves readily in or-

ganic solvents at room temperature, and is
Fig. 134. increaz.>e in
octane number of gaso- stable to the action of air and light. The
line on addition of . .

TES and AK-33X. 1) Oc- raw materials for production of AK-33X are
tane -number increase
(research method); 2) methylcyclopentadiene, manganous chloride
quantity of metal per
i liter, g; 3) Mn with and carbon monoxide. AK-33X is superior to
0. 8 mi/liter of TESr
4) Mn with 0.026 ml/li- TES (Pig. 134) [34, 35] as regards its ef-
"ter of TES; 5)Mn (a-

" lone); 6) TFS (alone). fectiveness (on comparison in concentra-

Stions by weight) by a factor of approximately 2 if the octane numbers

of the gasolines are determined by the research method; the increase

in the octane numbers of gasolines as determined by the motor method

is approximately the same for both antiknock agents. Increasing the

concentration of AK-33X in the gasoline to more than 0.5 g/Liter is no

long-er effective.

The AK-33X ntilknock agent raises even the octane number of eth-

ylated gasoline; this is one of Ito remarkable properties (Fig. 134).

The different groupu of hydod rbono array themselves in the same

order ol .cptiveness to AK-33X acditives as for TES additives; spe.

-iflcally, the pasaf fins ard na-pahthenes have the highest receptiveness,

while the arwcaticG respond m-eh more poorly; the receptivity of tuhe

olefins varies over a very wide ra s, s a Nnctlon of their st:ý_cture.

Figure 135 Ghows the Increase in the o•'Ane numbers of Indtvidual hy-
dr:c.rbonz that already contain TE (O.8 mlier) on adritional in~vo-
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duction of the manganese antiknock

agent.

., p•/ , Despite its high effective-

2,,-.&sdm~nw%'a 1ness, the AK-33X antidetonator is

-4• .. regarded [34-361 only as an addi-

tive that must be used in combina-

tion with TES to raise the octane
IM1MgMwgOn,,Mujd/0,

!:-, c mffnumbers of ethylated gasolines by
71"2

AO~MIN-1 f 7,4 a few points, since the cost of
the new antidetonator is 2-4 times

A ,m (402e6.t A oM i that of TES [35]. The maximum ad-

"Fig. 135. Octane-number in- missible TES concentration in au-
crease in hydrocarbons contain-
ing 0.8 ml/liter of TES on ad- tomotive gasolines is 0.8 mi/liter
dition of AK-33X. 1) Paraffins;
2) naphthenes; 3) olefins. 4) in the USA; addition of the AK-33X
2,2,4-trimethylpentane; 55 n-
heptane; 6) 2 "-dimethylpen~ane; antiknock agent in a'concentration
7) n-hexane; 8) 2-methylpentane;
9) 6yclopentane; 10) methylcy- of 0.033-0.265 g of Mn per 1 liter
"clopentane; 1i) 2,3-dimethylbu-
tene-1; 125 octene-l; 13) in- of gasoline gets a 1 - 6 point in-
crease in octane nmrber (re-
search method) for 0.026 g of crease (Table 90) in the (research)
Mn per . liter.

octane numbers of commercial gaso-

"lines. The ethylated components of autcmotive gasolines - reformed gas-

oline and the iaomerized C5 -06 fraction - have, respectively, lower and

higher "receptivity" to A-33X .additives than do commercial gasolines.

Ethylated automotive gasolines containing AK-33X additives were

put through extensive bench and road tests [353, 42]. An engine oper-

ates no worse on a gasoline with AK-33X than on a gasoline with TES as

regards wear, scaling, frequency of surface ignition, and so fortn.

H.lalogen compounds may be used as "•ieavengers" for manganese antilknock

agents [(01.

"Tc-ta of mwianee-based antiknock agents are being conducte'
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TABLE 90
Increase in Octane Numbers (Research Method)

Sof Ethylated Gasolines on Addition of AK-33X• :.-Antiknock Agent [N35]

2 V 11o"Umenae 0. V. UpSa.3ituuO. •. UpUt IoI.epPNluZ AR.-3,•t
0.oui AMUU E,I e~ l ¢eo pM allznl 8 An R A t A6 O eS omI

C~; 8A 0,033 0,5

4 Socm upmwoi neperonma:

5 o6Paaeit B .............. ... 84,3 2,2 4,2Pn~opanitr-6e Ba ........... 89,1 3,2 5,1..p . . . . . . 98,8 0,3 0.398,8mepmouannaq fpam unn C --C, 4,6. 5.8
9 06mirnil Touapmiii 6enan .. . 193,6 1, 2,2S.lOI•IPenauI To0apmii 6eam" .100,1 1,2 t,5

1) Gasoline; 2) octane number at TES content
of, g/liter; 3) rise in octane number with
content of AK-33X, Z of Mn per 1 liter of gas-
oline; 4) direct-distilled gasoline; 5) speci-
men B; 6) specimen E; 7) reformed gasoline;
8) isomerized C5-C6 fraction; 9) ordinary com-
mercial gasoline; lO) premium commercial gaso-
line.

-increasingly wider scales.-It--s possible that the manganese antiknock

agent will ultimately be the optimal antiknock agent, surpassing TES

in a.number of properties - an agent that has been sought in vain for

decades.

ORGANIC ANTIKNOCK ADDITIVES

The organic antiknock additives include certain nitrogen com-

pounds (specifically, aromatic amines), and certain esters; antiknock

properties have also been detected in organic compounds of other

classes (for example, in naphthalene homologs and others [8, 93).

The antiknock properties of aromatic amines were discovered in

1919, i.e.., before those of TES. Since that time, over 100 patents

have been processed for the use of aromatic amines as antiknock addi-

"-:tives to gasolines [37).

Phenylenediamines and aniline derivatives with skibstituents at-
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tached either directly to the benzene ring or through the nitrogen o:

the amino group have been investigated. The relative effectiveness

of certain aniline derivatives are given in Table 91.

A special property of the aromatic amines as antiknock agents is

their ability to secure a further increase in the antiknock properties

of gas-lines that already contain TES (Table 92).

As wIll be seen from Table 92, the use of monomethylaniline (3%)

-makes it possible to reduce the amount of isooctane by a considerable

quantity in th-e production of high-octane-rating gasolines (from 85.5

to 59.0% for 100-octane gasoline). Aromatic amines are particularly ef-

fective in raising the rich-mixture performance numbers of paraffin-

base gasolines (Fig. 136).

TABI• 91
"Relative Effectiveness of Aniline Deriva-
tives* [37]

1 CoeA•uenn 2 fopMyfi Has 9&41e-

"4• Annnu . ............. CH.H ,5_ o-Toaxyiupa..............CJTc,O•H, .NH•H 0,90'
4 ....--- -.. .2. MeT~t;IIhl....... .. (CHs), - H,. 0,1

",o-STnaan n ..... - C1I i -•"Cl4 . NH, 0,5
?". 2,6-An~an. cH,.&NH, 0,3,<., -xenalltnz...........C.Hs'NH" OHs 1,O

'.].N-Mena-o-Toay-•wa . . .. .CH•Csb ¢ NHC*H Ole
(CIIC.h{4 NHCH 0,8BllN-MieTrnl-2,6-AnReTnnainuAU (CI1,),CH 5 .,NH .CH 0,2

V-e -effectiveness of N-methylaniline is
r7 taken as 1.0.

• "�. 1) Compound; 2) formula; 3) relative ef-
fectiveness; 4) aniline; 5) o-toluidine;
6) 2,6-dimethylaniline; 7) o-ethylaniline;
'"8) 2,-6.dd2ethylni line; 9) N-inethylaniline;
10) N-methyl-o-toluidine; 11) N-methyl-

*il :2,6.dimethylaniline.

"Technical xylidine and "ekstralin," which is technical monomethyl-

aniline, have been used in practice as antiknock additives.

"During the Second World War, xylidine was added in a quantity o "
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""ABLE 92

Increase in Octane Number of Gasoline Con-
taining 0.05% of TES on Addition of 3% of)L:. -,.--Monomethylaniline [39]l

1 CocTaB 6eungaa, % o56,eOn. 0. 68b1ua S

SHaooxTau MA 6se 3% MMA•'i3 MOfounoI? 6eaM'

64,0 36,0 80,8 92,4
41,0 59.0 90,0 - 99,5
29,0 71,0 95,0 > 100
14,5 85,5 100,1 > 100 -

1) Composition of gasoline, % by volume;
2) octane number of gasoline, research

, method; 3) gasoline component; 4) isooc-
tane; 5) without MMA; 6) with 3% MNA.

"20.r "2% to ethylated aviation gasolines used by the

Americans and British [18] to economize on the

s. /high-octane components.

i 80 o Technical xylidine is a liquid having a

700
40 5 15 specific gravity of 0.970-0. 990 at 15°, and

2 Kro~ielmpat•u memmu 0
amu'um, o tee. boiling in the range from 210-221°. The cloud-

Fig. 136. In- ing temperature of a 2% solution of technical
crease in octane
and performance xylidine in isooctane is about -50°C.
numbers of fuel
"with octane num- The "ekstralin" additive was developed in

f, ber of 60 due to
addition of me- the USSR and added to aviation gasolines in
thylaniline. 1)
Performance numn- quantities of 4% (by weight).
ber; 2) concen-
tration of me- Ekstralin is a colorless liquid of speci-i~i•',thylani line,. %d0
by weight; 3) oc- fic gravity d4 no lower than 0.980 which boils

tane number.
below 1950 (97%) and has a freezing point below

'.'.. -55 .

The special proporties of aromatic amines as gasoline additives

are the lack of "sensitivity" to sulfur compounds, p-lus their distinct

,.*, antioxidant properties; aromatic amines inhibit tarring and decomposi-
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tion of TES in gasolines [39].

40 Apart from the aromatic amines, cex,-

7.- ,tain other nitrogen compounds possess anti-

I 0 0 detonation properties; these include cer-

"Q0 - - tamn homologs of pyridine (for example,

"?. the nitrogen bases of shale gasoline and

2 •, light fractions of coal tars [40, 26], as
00

0 well as N-substituted aminophenols - me-

96 8 A9 9 0 102 f04 495
:"i 1 • •O~ma'o~oe £Cq, " thyl -p-aminophenol, monoisopropylaminophe-

SFig. 137. Increase in nol and others [18].

octane numbers of 24specimens of gasolines Toxic oxides of nitrogen form on corn-
containing 0.8 ml/li-
"ter of TES on addition bustion of the nitrogen compounds.
fo 0.75% by volume of

STLA. 1) Octane-number Certain esters - methyl-tert-butyl

increase; 2) motor me-
thod; 3) research me- ester and ethyl acetate [18] have also
thod; 4) octane number.

"-"--been investigated as antiknock agents, and

reports appeared in 1959 on a new antiknock additive known as TIA (Tex-

aco Lead Appreciator) [40, 41]. This additive is the organic ester

tt-butyl acetate OH -COOC9 and is a colorless liquid having a

specific gravity of 0.886 at 200; its crystallization temperature is
0o

below -60°, and its boiling point is 96.1°. This ester is readily sol-

uble in hydrocarbons, very slightly soluble in water (0.62% at 270).

It is produced from acetic acid and isobutylene. A special property of

TLA is the fact that it is effective only on addition to ethylated

gasolines; as the TES concentration rises, the effect gained by adding

TLA is also enhanced. The optimum TLA concentration in ethylated gaso-
line is 0.75%. The higher the octane number of the gasoline, the more

significant will be the influence of TLA additives in raisiig its an-

r.1knock properties (Fig. 137). It appears that TLA will be used A rt

USA as an additive to premium.(100-octane) automotive gasolines
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will permit raising the gasoline's octane number by 1-2 additional

points.
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460 On decomposition, compounds containing 3 and more halogenatoms in the molecule form free halogen [28].
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Ohapter 16

-• I FUELS FOR RECIPROCATING AVIATION ENGINES

During the post-War years., jet aviation engines began to displace

reciprocating types, so that the development and perfection of the

latter came almost to a halt. But simultaneously helicopters came in-

to considerably more extensive use. At the present time, only hell-

copters and certain types of airplanes (e.g., transport airplanes)

can be listed as aircraft for which reciprocating engines remain the

"basic type used.

Concurrently with the development of piston engines during the

pre-War years and during the Second World War, work was underway to-

ward higher antiknock properties in aviation gasolines. High-quality

aviation gasolines such as 100/130 and 115/145 were created.

At the end of the nlneteen-forties, research work waz underway

towards the creation of aviation gasolines based on trjptane and neo-

hexane, which have antiknock properties higher than those of 115/145

4. gasoline. However, there was no longer any necessity of completing

these studies.

The basic grades of aviation gasolines that existed at the end of

the Wax have been retaIned to the present day, duling the post-Wa" ' pe-

.rod, their qualitative characteristics have undergone only minor

*Th charges.

The proportion ot aviation gasolines in the over-all balance of

S.: .* aviation-fuel production was reduced considerably by the sharp in-

.1 crease in the production of Jet fuels. However, there was no reduc-
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tion in the absolute quantity of aviation gasolines processed. In th•

USA, for example, the total volume ofl aviation-gasoline production ha;.

even increased slightly as compared with the years immediately follow- C-"

ing the War - to approximately 8-10 million tons per year.

Here, the proportion of aviation gasolines with octane numbers

above 100 in the aviation-gasoline production of the USA amounts to

about 80% [2].

REQUIREMENTS SET FORTH FOR QUALITY OF AVIATION GASOLIN1ES

The aviation gasolines used as fuels for reciprocating-type avi-

ation engines must guarantee normal operation of these engines in all

" modes and under the most severe operational conditions. Consequently,

their quality is subject to regulations based on a number of physico-

chemical indices, which must possess strictly defined values.

The basic quality specifications set forth for contemporary avt.

ation gasolines are as follows.

1. Each grade of aviation gasoline must have certain antiknock

properties in both lean and rich mixtures with air. The octane-number

and performance number re'uirements are established at levels such

that the aviation gasolines will be able to guarantee normal opera-

tion of the engines under the most highly strc ad conditions.

Aviation gasolines may not contain more than 2hT-3.S3 g of TS/ke

of gasoline, depending on the grade of the g4aoline. The TES content

is limited because it may Influerie the service lire of the engine.

2. Aviation gasolines must posýeso excellent vaporizability. The

fractional composition and saturatIon vapor pressures of aviation

"-asolines must guarantee easy starting or the englne at low tempera..

U.w:-O0 (but may not create any danger of vapor--lock forvation), and

siv-n t ensur- stable operation of the engine and good perform.ance

It when the operating mode is changed, as well as co, etcr ;
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porization in the cylinders.

It has been established as a result of numerous tests with avia-

"tion engines that the optimum fractional composition of aviation gas-

olines should be as follows: 10% boiling out no higher than 75-880,

50% no highor than 105° O% no higher than 14i50 and 97.5% not above

1800
The saturation vapor pressure should be no higher than 360 mm Hg;

during the autumn and winter periods, the lower limit of saturation

vapor pressure is also checked; it should not fall lower than 220-

240 Hg.

3. Aviation gasolines must possess high chemical stability, i.e.,

they must not form deposits during storage, nor tarry sludges in the

fuel-line system, nor scale in the engine'3 combustion chamber.

To ensure high chemical stability in aviation gasolines, the .

Svalues of the iodine nuiber (notý above 10-12 g/l00 g of gasoline) and

actual tar content (not above 2 mg/I00 ml of gasoline) are restricted;

to prevent decomposition of the TES and formation of deposits, addi-.---

tion of antioxidants to aviation gasolines has been made mandator,.

. 4., Aviation gasolines must possess good low-temperature proper-

"" ties , iL e., tney should not deposit paraffin crystals at low tempera-

tures and uhould not periit formamion of ice crystals. .o P rthis pura

pose, the Initlac tallization temperature is establilsbOi no

* ..*, hiher than -60' in aviation gasolilne, and the ammoatic hydrocaa'bon

content La trstrltee, . C.,-e these compounds posse-s the h ky-

groscapielityf.

•,- Aviation gazol.nes must be chemioally neutral and umay not
corrode the metals of t.,ks, puir4d machlk~ery, and P.nen$ the i.

,*- bustion jp-oducts of aviation Casolines may not toro•de the engne ~ cl-
4. ¾

ponent. For this roason, the sulfur content is limited In aviation

-4b,
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gasolines (not over 0.05%), and measures are taken to eliminate active

sulfur compounds (negative reaction in copper-plate corrosion test)

and water-soluble acids, alkalis and water.

6. Each grade of aviation gasoline must have its own color, so

, that they can be distinguished readily.

GRADES OF AVIATION GASOLINES

Right up to the Second World War, we used only direct-distilla-

tion gasolines as our basic aviation fuels. With the development of

reciprocating aviation engines and the petroleum industry's mastery of

new production processes, the quality of the aviation gasolines rose

continuously; the grades of aviation gasolines being produced also

_ changed accordingly.

The headlong development of aviation-engine design during the

Second 'World War necessitated further improvements to aviation gaso-

lines as regards their antiknock -p-r-pp~rties. .

These requirements were met by the wider use of high-octane com-

ponents (chiefly isoparaffins), as well as by -increasing the concen-

tration of ethyl fluid from 3 to 4 ml/kg (GOST 1012-54).

SIt was subsequently found that it was not sufficient to charac-

terize the antiknock properties of aviation gasolines in terms of

octane number alone. It was established that the performance number of

, aviation gasolinfes is of no lesser importance.

"The octane number characterizes the antiknock stability of gaso-

lines in lean mixtures, on which the engine operates when it is cruis-

. ing. Performance number characterizes the detonation stability of a

. gasoline for -ich mixtures, on which the engine is operating in the

maximum-power or takeoff modes. Consequently, gasolines having high

uctane numbers but not possessing adequate performance number cae.n

guarantee proper operation of an engine during takeoff.

4- 183 -
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The aromatic components of aviation gasolines oL the alkylben-

zene type have extremely high performance number and rather high oc-

/ -" tane number. The question of the use of such hydrocarbons as aviation-
- gasoline components was first raised by Soviet scientists as long ago

"'-"as 1936 [31.

"Beginning in 1946, aviation gasolines produced by the [Soviet]

petroleum industry (GOST 1012-46) Iave been rated by octane number and

performance number as the two most important indices for quality in

aviation gas',Iines.

According to GOST 1012-54, which is still effective, the grades

produced are B-100/130, B-95/130, B-91/115 and B-70; there is also a

standard for type BA aviation gasoline, which is equivalent to the

American 115/145 gar,,- .•a.' (Table 93).

Contemporary aviation gasolines are mixtures of several compon-

ents. Direct-distillation gasolines from select petroleums and cata-

lytic-cracking gasolines are emploýed as the base gasolines, which

are the main components of commercial aviation gasolines. To obtain

"the required antiknock properties, isoparaffinic and aromatic compon-

ents are added to the base gasolines. Except for aviation gasoline B-

70, all other grades of aviation gasolines contain ethyl fluid.

GOST 1012-54 makes mandatory the addition of antioxidants to all

ethylated [leaded] aviation gasolines to prevent the tetraethyl lead

from decomposing while the gasoline is in storage. .- hydroxydiphenyl-

"amine is added to ethylat.•d gasolines as an antioxidant in a concen-

..... ....tration of 0.004-0.005% (by weight). Consequently, the antioxidant is

one of the basic components of contemporary aviation gasolines.

B-100/130 aviation Zasoline is produced by mixing catalytic-

*. cracking gasoline with high-quality components. Both catalytic-crack-

ing gasolines and direct-distillation gasolines may serve as base gas-
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olines for B-95/130 aviation gasoline. Direct-distillation gasolines

serve as the base gasolines in production of B-91/115 and B-70 avia-

tion gasolines.

When 2-hydroxydiphenylamine is dissolved i.L unethylated aviation

'. gasolines, the latter become yellow. When 2-hydroxydiphenylamine and

lead ethyl fluid are added to a gasoline, it becomes bright orange

(B-100/130 gasoline); when orange ethyl fluid is added, the resulting

gasoline is yellow (3-95/130), and when blue ethyl fluid is used the

resulting color is-gr-n (B--91/1i5).

Recently, a number of quality specifications for aviation gaso-

lines have been refined and formulated more succinctly than previ-

"ously. For example, it was found that the content of aromatic hydro-

carbons in aviation gasolines must be limited. There are two basic

"reasons for this: 1) the content of aromatic hydrocarbons in a fuel

influences the temperature regime of the engine; 2) with increasing

aromatic-hydrocarbon content in the gasoline, the engine temperature

also rises, and this may shorten its service life.

An elevated content of aromatic hydrocarbons in aviation gaso-

lines is also undesirable from the standpoint of their influence on

the hygroscopicity of the gasoline. The solubility of water in aro-

"matic hydrocarbons is considerably higher than its solubility in

paraffinic and naphthenic hydrocarbons; benzene is especialIy hygro-

scopic. Depending on chemical composition and temperature, aviation

gasolines may contain from 0.002-to 0. 01% of dissolved water. The

danger presented by the presence of hygroscopic water in a fuel con-

sia~s in the fact that as the temperature and humidity of the air

vary during the winter operations period, this water may be precipi-

tated in the form of ice crystals, which may plug the fuel f•_te. a:',,

reduce or even cut off the supply of fuel to the engine's cyltnQ,..
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TABLE 93
Basic Indices of Aviation-Gasoline Quality
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c n o ict a 3 S A B. 0 I 3 0J 1 ii i u B.1 1 5 iG

DO6110 . .. .. 2,7 2,7 3 2,55 AcTonailmonnag cToii-

a&) O1Manowo0 '111c310
no0 lOTOPHOMY
11croy lie mence -98.8 95,0" 9 700

b6) oi{aIODOO 1111C410
no TehnnepaTyp-
IONTY 740TOAYW He

CDi) copTnoCT16 18 6;eý-
nion cmecit He ie-
lice .1 . . . .- tdr) com na So-
rar.,ii moon: no
meoce 160 130 130 I15s

6 Tenaoa a panng inns-
man B VKDOA!,Tz He U0.
nee.............10400 10300 10300 103002 -

'fajia neperoflxn
D CH ue104C 40 to 40

b6) 100% ncperoHPeTc.,A
TIPIT T4mIICaTYPO
B 0 C He BWzue 75 75 82 82 88

Cu) 50% noperronne-Zca
iiput Tl3mrCPaType

nC, ]to wme 105 105 105 105 105
dr) 90% floporoOURCTen

npn ToxinepaType 4 4 45 15O1
PA) 97,5% uoperonn-

flip WnsH Telsftlop.

TYJ)0 B *C no nume 180 180 t80 180 i~o

napon, .44. PT. CT.:
9 no0 ?AnoI 240 240 220 220 -

10OIo 60.,oo . . . 30360 360 360 30
X1C1 T1O0CTb11 n.-me KOJI

2 ý2ittz t00 .4tA ftllnua

: -13 60113l111 He0 6ote 6 2 Q -o

1[Key ono foDwn page] A
.... ... ... ... ... .... ... ... ... ..... . 2 4



_-• [Key to Table 93]: 1) Physicochemical property; 2) GOST; 3) BA; 4)
content of tetraethyl lead in g/kg of gasoline not above; 5) detona-
tion stability; 5a) motor octane number not below; 5b) temperature-
"method octane number not below; 5c) lean-mixture performance number
not below; 5d) rich-mixture performance number not below; 6) lower-
limit heat of combustion in kcal/kg no less than; 7) fractional com-
position; 7a) initial distillation temperature in °C not above; 7b)
10% distilled at temperature in °C not above; 7c) 50% distilled at
temperature in oc not above; 7d) 90% distilled at temperature in oC
not above; 7e) 97.5% distilled at temperature in 0c not. above; 8)
saturation vapor pressure, mm Hg; 9) not below;l0O)not above; 11) acid-

- ity in mg of KOH; 12) initial-crystallization temperature in oc not
L above; 13) iodine number in g/l00 g of gasoline, not above; 14) actual
"' tars content in mg/l00 ml of gasoline not above; 15) sulfur content in

"%, not above; 16) color; 17) depends on color of ethyl fluid; 18)
bright orange; 19) yellow; 20) green; 21) colorless; 22) for 100 ml
of gasoline.

Addition of aromatic components (toluene, alkylbenzene, pyroben-

zene) in an amount totaling no more than 20% to direct-distilled gaso-

lines is permitted for purposes of limiting the aromatic-hydrocarbon

content in aviation gasolines. Here, the total content of aromatic hy-

drocarbons in B-70 aviation gasoline may not exceed 20%.

Also introduced into the GOST for the first time is a quality

tolerance as regards fractional composition for aviation gasolines to

be stored for long periods (longer than 6 months); since an insignifi-

cant variation in fractional composition is not reflected in engine

* performance, deviations of 1-20 are permitted for such aviation gaso-

". lines with respect to the 10%, 50% and 90% distillation points.

*. Each grade of aviation gasoline must be used in those aviation

engines for which it was intended. However, should the basic gasoline

grade not be available, aviation engines may also be operated on lower

grades of aviation gasoline, but then the engines may not be operated

at maximum power. The output restrictions for the engines when a sub-

stitute is used for the basic gasoline grade are usually indicated in

the special instructions.

Five grades of aviation gasoline are produced in the USA; t!o:;'

are designated 80-84, 91-98, 100-130, 108-135 and 115-145 gaso"li;r..
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As will be evident from the list of grades, the USA produces two avia-

tion-gasoline grades with antiknock properties higher than those of

> -" 100-130 aviation gasoline. The physicochemical properties of domestic

and American aviation gasolines are quite similar. However, the TES
oontent in Amerioan Sasolines is somewhat lower - about 1.2-2.8 g per

I kg of gasoline as against 2.5-3.3 g per 1 kg of gasoline in the do-

mestic fuels. The American standard for aviation gasoline provides for

checks of the chemical stability of the fuels.

For this purpose, a sample of the gasoline is subjected to

5 hours of "aging" in a stainless-steel bomb at a temperature of 1000

and an oxygen pressure of 7 atmospheres. The quantity of deposit after

the 5-hour "aging" period may not exceed 6 mg/l0O ml of gasoline; the

quantity of lead compounds in the deposit may not be greater than

3 -Mg. So that the gasoline will be able to meet these requirements,

antioxidants are added to it in amounts equal to 0.0015-0.003% by

weight.

The antioxidants used are N,N'-di-sec-butyl-R-phenylenediamine,

2,4-dimethyl-6-tert-butylphenol and 2,6- d i-tert-butyl-4-methylphenol.

These antioxidants may be added to gasolines either separately or in

mixtures with one another.

INCREASING STABILITY OF ETHYLATED GASOLINES IN STORAGE

One of the basic problems dealt with in the postwar years was

that of raising the stability of aviation gasolines for storage. To

solve this problem, extensive investigations were carried out in the

USSR Lnd abroad 15, 6, 71.

It was found that ethylated aviation gasolines possess inade-

quate stability and readily form precipitates consisting 40-45% of

lead [4, 5, 61 on oxidation at normal temperatures.

Such deposits form particularly rapidly when aviation gasolines

"-"488
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are stored .in the southern climatic zone. Under the climatic condi-

tions of the svathern USSR, decomposition products of TES form de-

posits even after 2-3 months of storage in small tanks (volumes less

than 50 m3 ) or even faster. Aviation gasolines could be stored no

longer than 1-1.5 years even in large underground and surface tanks,

and this presented an obstacle to accumulation of reserve supplies.

When the deposits got into the engine, they plugged fuel filters,

upset the normal performance of the aviation spark plugs and caused

airplane crashes.

In this connection, studies were made to determine the liquid-

phase oxidizability of the individual gasoline hydrocarbons with 7 to

"10 carbon atoms and the influence of TES on oxidation of these hydro-

carbons [8] (Table 94). The TES was added to the hydrocarbons in its

normal concentration (about 0.1 mole-%). It was established that the

"relationships observed in oxidation of oil hydrocarbons [9] may also

be extended to the hydrocarbons that form gasolines. For example, nor-

mnal paraffinic hydrocarbons and hydrocarbons with the iso-structure

*' containing a quaternary carbon atom were much more stable without TES

against liquid-phase oxidation than the hydrocarbons of other groups.

Paraffinic-hydrocarbons with "unprotected" tertiary C-H bonds

oxidize considerably more easily than naphthenic and aromatic hydro-

carbons. However, unlike the hydrocarbons with higher molecular

weights, monocyclic naphthenic hydrocarbons with short side chains are

more resistant to oxidation in the absence of TES than the correspond-

~.. ing aromatiu hydrocarbons. Five-member naphthenes are particularly

- '* -resistant to liquid-phase oxidaticn; their oxidation-induction periods

are considerably longer than those of the six-member naphthenes of

corresponding molecular weight (Table 94).

TES reduces the oxidation-induction periods of hydrocarbons, ..

4- 89 -
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creases their oxidation rate and, undergoing oxidation itself, forms

deposits. No more than 10% of the combined oxygen is expended in oxi-

dizing it.

TES influences to different degrees the oxidizability of hydro-

crobons that oxidize at practioally the same rate in the absence of

TES (cf. n-heptane, 2,2,4-trimethylpentane and toluene in Table 94).

The paraffinic (with the exception of hydrocarbons having "unpro-

tected" tertiary C-H bonds) and naphthenic hydrocarbons show, after

addition of TES, longer stability periods than aromatic hydrocarbons

and olefinic hydrocarbons; trimethylpentanes, which contain a quater-

nary carbon atom in the molecule, are distinguished by high stabil-

ity.

Decomposition of TES in a solution of olefinic hydrocarbons takes

place at low speed despite the fact that olefinic hydrocarbons oxidize

more intensively (Table 94).

The influence of hydrocarbon hydroperoxides on the decomposition

of TES was investigated to explain the mechanism by which TES acts in

the process of liquid-phase hydrocarbon oxidation [10]. It was shown

that hydroperoxides of differing structure are characterized by dif-

ferent "activities" with respect to TES (Fig. 138). When mixed hydro-

4 gen peroxides of olefins ("hyperol") were added to a hydrocarbon

containing TES, oxygen was absorbed by the hydrocarbon at a higher

rate than on addition of isopropylbenzene hydroperoxide (Fig. 138a,

curves I and 2), while the rate of decomposition of TES, on the other

hand, was smaller in the presence of the hydroperoxides of olefinic

"hydrocarbons (Fig. 138b). It is appropriate to compare this result

with the data of Table 94, from which it is evident thar; decomposi-

tion of TES in a solution of olefinic hydrocarbons also takes place at

a speed considerably lower than in solutions of hydrocarbons of other
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TABLE 94
Characterization of H~ydrocarbon Oxidizabilities
in the Liquid Phase (t = 10000; p0 = 1 atmos-
phere absolute)

Symqbols: Tr is the induction period in hours; w1
is the average rate of absorption of oxygen after

7..C. the induction period in moles/(mole) hour; w2 is

the average rate of decomposition of TES after
the induction period in moles/(mole) hour; it is
computed from the quantity of deposit formed by
the TES combustion products.

Soi mnRxO- 3 4~AUi~ C aTSIOBOIBOI nX-3 ORC11 NIAROCThIO+
1. Yr~zaoopopaa 2 cu AO~I +0,04%

a., ____________ Iwi. 0104 1WI .104 Aamaw i

5 1.vapagoswoe yc 3~ob~Pof
6 n-ren?~........-30 0,8 5 3,6 0,7 45

N-RA u ra.........-24 1,7 3 - so
~-oa.. .. .. .. ....... 16 1,3 4 - - -

w4.!exaE................-16 1,1 3 - --

102,2.4-TpnxeTnAunmz .. < 40 0,3 20 O,8 0lt 50
U Cech TpUMemJIUS~mEot

2.2,3-:80%, 2,3,3-8%,
2.3,4 12%...... -27 1,0 -8 13,5 1,0 -

i22,6-AameTuarenTan......-2 C3.0 <1t - --

1y. Haoemoeoue 7j~eQdoapGoM

lb -UPOD~lanunew~znoaa >8 - --- 81
3.7 6) mec~nuounue.

18 waewsnztuixoroixcaB . -8 3A4 8 CO. . -
18 anJUauumnorewcan - 6 1,4 3 41,8 t,4 -29

2 wouponuagmcorexcan <4 3,7 3 21.8 1,0 33

21 3Apm.amusvtcxue yuetabeo~po&
22 Toayon.........-38 0,4 3 6.7 0,7 11*
24S8:ua~emso :. <1 3,4 1 18,4 1,0 12

2bopnaeas<1 4,t t M79 1,4 14

254. OPaxiluu, coaepneauu
MenpedeALNIUe y*AeoO8OpoeM

26 10pania cnuminha C& (CO~e-
,KamIO OUROI"pomi1bu 27,2M) <1t 10, <1I 2%t1 0,3 -

27 Opeatuus c31umn11a Cs (coAOP-
)tA)wO )toupeAeJWaiux 25,4%) <1t 35,5 < t 25.5 64a 1.$

2 8 CUMoc O3(TU2OUOD C UPXMMMU
a~u. .. .. .. ..... <1 59,5 <1 - - 1,

^9 CISOCh Ouia.'wuoa P&3OTUOu-
noro cipoeiutn (4patujun

* 107-100w AUU3OCYTHUOUa) 1 69,2 <t -2

1) Hydrocarbons; 2) without ethyl f luid'- 3) with
ethyl fluid; 4) with ethyl fluid + 0.004% pb
droxydiphenylamlrio; 5) paraffinic hydrooaxr5ones

6n-heptane; 7) n-octane; 8) n-nonane; 9) n-de..
cane; 10) 2.2.4-triirethylpenta~re; 11) trimethl
pentane mixtures; 12) 2.6-dimet:-hylheptane; 13
naphthenic hydrocarbons; 14) five-miember; 15)
ethyleyclopentane; 16) n-propylcycl' opentane; 17)
six-member; (Key continiued on following page]
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(Key to Table 94 conti~nued]: 18) methylcyclohexane; 19) ethylcyclo-
hexane; 20) isopropylcyclohexane; 21) aromatic h~ydrocarbons; 22) tolu-
ene; 23) ethylbenzene; 24) isopropylbenzene; 25) fractions containing
unsaturated hydrocarbons; 26) 08 synthol fractiin (containing 27.2%
unsaturated hydrocarbons); 27),C 9 synthol fraction (containing 25.4%

unsaturated hydrocarbons); 28) mixture of octylenes with straight
chains; 29) mixture of branched-structure octylenes (107-1120 dilso-.
butylono tr'aotion),

4,

Ib e
Fig 18.Inlueceofpeox

Feig. 138. Imflune of perox-d

serItione of TES); 2) 22,2Atr-

trimethylpentane + hyperol
(0.5 mole of peroxide per 1 mole
of TES). A) Absorption of0
moles/mole of hydrocarbon; B8)
oxidation time, hours; 0) decom-
position of TES, mole-%.

groups.

The characteristics of the mechanism by which TES acts during the

presence of liquid-phasa oxidation of hydrocarbons consist in the fol-

lowing.

1. At relatively low temperatures, TES decomposes easily to form

free radicals that initiate oxidation of the hydrocarbons. it is prob-

able that not only ethyl,, but also alkyl-lead radicals form in thi~s

~ rcs:Pb(C 2H 5)4  Pb(C2H 5)3 + C2H 5 '
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2. The organic peroxides that form react with the TES and accel-

erate its decomposition; here, the dialkyl lead compounds
(C2 H5 ) 2 Pb(0H) 2 , (C2 H5 ) 2 Pb(OR) 2 , (c 2 Hs) 2 Pb(OR)(oH), form together with

PbO and settle in the deposit.

3. The peroxides of different hydrocarbons are characterized by

differing abilities with respect to TES; this will probably account

for the differing degrees to which TES is active in oxidizing hydro-

carbons with different structures.

To ascertain the relationship between the hydrocarbon composi-

tion of the gasolines and their stability, binary mixtures of easily

oxidized and hard-to-oxidize hydrocarbons were oxidized [5]. It was

shown that the oxidizability of mixtures of the hydrocarbons that are

contained in aviation gasolines is determined to a considerable de-

gree - particularly in the presence of TES - by the content of ole-

finic hydrocarbons. Even in small concentrations (2-5%), olefins be-

gin to exert a significant influence on oxidation. The stability

times of ethylated mixtures of aromatic and isoparaffinic hydrocarbons

do not change additively as a function of mixture composition; on ad-

* dition of 10% of an easily oxidized aromatl%,; hydrocarbon, (ethylben-

zene) to the hard-to-oxidize 2,2,4-trimethylpentane, its stability

period begins to diminish noticeably.

- The decompositicn process of TES in hydrocarbon solutions may be

retarded by the use of antioxidants.

"Only antioxidants that produce inactive radicals not only with

hydrocarbon radicals but also with the alkyl-lead radicals produced by

"the TES can be used as antioxidants for ethylated aviation gasolines.

Consequently, antioxidants of phenol type, as well as sulfanili-

i.lde compounds and disulfides produce absolutely no lidibltlor. o*' l.i

"decomposition of TES in ethylated aviation gasolines.

4, -4�93-



"Screened" aliqlphenols and phenyl-

1-25 enediamines are quite effective; even more

* <" effective are the aminophenols - benzyl--

""l• 0 • ,.aminophenol and 2-hydroxydiphenylamine. It

.6s representatives of these 1ntio.idanb

½/p groups that have come into practical use

Fig. 139. Stability o for stabilization of avi.tion gasolines:

* ethylated aviation
gasoline from direct p-hydroxydiphenylamine in the USSR and

distillation as afuncdtilon of aSconce- 2,6-di-tert-butyl-4-methylphenol, 2,j.-di-function of TES concen-

tration and tempera-
ture. 1) Stability pe- methyl-,ert-bdtylphenol and N,N'-di-
riod, hours; 2) ethyl- butyl-•-phenlenediamine in the USA.
fluid concentration,
ml/kg.

"TABLE 95
Chemical Stability of Ethylated Aviation-
"Gasoline Components (12]
(Content of TES 0.33% by Weight)

4." II (po(CU 1100,,
i~~i, 1 r k s . N u 13 r6 ,e sc

S......... . 3 £..m. o .Ae ,

-1 2

. .5 .r .. • . .. * . .

B H. BeCuc; 3) 6ewihnu atio d11 'pC)INI ~~u............... 3

1 0Bal I. welsht o. -.........<o 0.d h 6
le o*~3Oe1 m < 0.5 t

l~Dr. Teiwuqui awmemmtu

1Tr~pct~~a ............* 15 I

1) Gasoline; 2) stabilitty period. (at

11000); 3) without antioxidant; 4) wi th
0. 004% by weigh~t of p-.hydro)Vdiphenyl-~
amnine; 5) dlroct--dlsEila-ion Baku easo-
"lines; [Key continued on following page]
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(Key to Table 95 continued]: 6) Surakhany; 7) Balakhany; 8) Bibi-ey-
.. bat; 9) catalytic-cracking gasolines (aviation components); 10) Gu-

, r'yevskiy; 11)Orsk; 12) technical alkylbenzenes; 13) specimen No. 1;
1.) specimen No. 2; 15) technical alkylates; 16) Gur'yevskiy; 17)
"Orsk.

.2-Hydroxydiphenylamine is more effective than the antioxidants

widely used in the USA.

When 2-.hydroxydiphenylamine and ionene are added together to a

gasoline, we observe a reciprocal enhancement of the effects of these

antioxidants (11].

Unlike the American antioxidants, p-hydroxydiphenylamine has a

low solubility in gasolines and is introduced into them in a benzene

solution.

H.ving considered the information given above on the oxidizabil-

ities of individual hydrocarbona and the effectiveness of antioxi-

"dants, let us pass to an evaluation of the stabilities of aviation

gasolines [12, 13].

Apart. from hydrocarbon composition, the stability of aviation

gasolines depends on a number of other factors, including the TES con-

centration in the gasoline; it diminishes as the TES content is in-

creased to a certain limit (to 3-4 ml of ethyl fluid per I kg of gaso.

line); a further increase in TES concentration has practically no

further influence (Fig. 139).

The structure of the halogenoalkyls used in the ethyl fluid as a

lead "scavenger" does not influence the stability of aviation gaso.

lines.

In th1e presence of ethyl fluid, the aviation-gasoline components

direoot-4istillod Baku gauolnres on a naphthenio base, catalytic.

cracking gasolines and technical alkylates - are rather close to-

Stezber as regards oxiditability (Table 95),. Both the alkylbetuenes aný'

the individual aromatic hydrocarbons are cha-ruterized by low "r':.
495
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tiveness" to 2-.hydroxydiphenylamine.

The results of experiments with prolonged storage of gasolines

under real conditions in various climatic zones have shown that avia-

tion gasolines stabilized with p-kvdroxydiphenylamine can be stored

"for 3-4 years without losing stability (14].

This storage life is guaranteed by a new indicator introduced

into the GOST for domestic aviation gasolines: "stability period not

. less than 8 hours. "

Aviation gasolines in long-term storage should be removed from

storage when the stability pe-iod has dropped to 2 hours.
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Chapter -17

AUTOMOTIVE GASOLINES

Automotive gasolines presently occupy one of the most ipportant

places in the manufacture of petroleum products. The production of

these gasolines in various countries amounts to 20 to 50% of the to-

"tal-quantity Of petroleum-prb-d-u-ts produced.

More than 4/5 of all automobiles operate on carburetor engines,

designed to function on automotive gasolines. There is a continuously

increasing demand for automotive gasoline as the number of cars in

our c.untry increases. By 1975 the multitude of cars in our countryj

will consume twice as mucb automotive gasoline as in 1965, and 3.3

'times as'much gasoline as in 1958.

GRADES OF AUTOM4OTIVE GASOLINES

At the present time the All-Unlion State Standard (GOST 2084-56)

provides for the production of tour basic brands of automotive gaso-

lines: A-66, A-72, A-74, and A-76 (Table 96).

The A-66 gasoline is produced for the majority of the automotive

engines (whose compression ratios do not exceed 6.2-6.3) presently in

use. This gasoline is divided into conventional and climatized gaso-

"line. The climatied gasoline is of a lighter fractional compositiin

and is intended for use in the northern megions of the country duxring
4:.

the winter. The A-74 gasoline is produced for the ongines of ZIL-ilO

"automobiles, and t•he A-72 and A-76 gasolines must provide for knock-

free operation of the new automotive engines which are now being

tested, put into production, and are, in part, being produced by the
.4p)
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domestic automotive industry.

* . Contemporary automotive gasolines are produced at petroleum-re-

- " - - fining plants by mixing several components. The base components are '.-"

the gasolines derived through direct distillation, and through thermal

and catalytic cracking. The fraction of a particular component that is

used in a commercial gasoline depends on the quality of the component

and the over-all balance of light petroleum products produced at the

plant. A typical composition of commercial automotive gasolines for

some domestic refineries is presented i.n Table 97.

TABLE 96

Industrial Specifications for Automotive Gasolines

I 2 11olattTOnfn no Mapu3m
A-66

"30- A-72 A-74 A-76

naa--

"5 ..q'oR$UU nonaz CroeKO•-: I
b,.&) oriatonoc nucao, oupeaxemaeoe uo J

-*OTOpIoly UeTOAty, nBe oene . . . . 6 ' 68 , 74 76
7 6) oim'osoe mncno, oUpeWAeIt•OO nO

UCC.-AWC4UOe.ILc y IMeNO? , uOe m.- 27
.u ..o ......... . lie uopun- 76 He uap- 80

pyetem MUp~?-

Cojlepmauae M a3C elite delafta~ me Weezc 0A2 Ox8 Orcytomwe 0,4t9 -paxioauuim) coCTas (ueperoUNOea upa
ToeuzcpaType, C):!*. N .it.o Belzn . . .... . ..•

"•U 10% Ut "w u m e .. . . . . 7S 10 i0

12a)M390%ite 1. -180 M

aupoan)............28 1~ & -45

ri' 90%6O - ff%) e)o . ..p5 . . . . . .. .

"15-0) O2"nnya.on~l epoq UO6 unu % e 14 ee80 &)l . 40

) or-nP % me .6.o.. 44 QS 34i o
JAsIueunle atAcMnenums .• u pos l•tr a 4 p?. e?. I

no.. k,• . ....... s .700 o)o WO 500RUA ~om a UR K0111100 A ftu ewfo 3 3 2

'"". 2CA-kepxwalltw tANTu1-4e xa mOR a~n 40 u0A
3=4Uou Z ....... . ..... .....

216) i& Uecr) PoTPeml e*Ua poertius .o. 20 2Dsole 2 to
22AItnAYMwowNUM nepuoA a waw. me irnaee 360 360 480 800 480
23 COAPWOUNO eOPa b % so &At* . .. OAS Ills 0~.s 5 n 0.10 A

T ICOUTAHUe RD uVAUOL6 VAICT211NO . 72 . BPM~e*ra

acamit4 '. * .............

I) Physloochemical properties of asoliries; 2) in-
dicators, by brand; 3) standard; g) climatized; 5)
antiknock sta- [Key continued on following page]
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[Key to Table 96 continued]: bility; 6) a) octane number, determined
according to the motor method, not less than; 7) b) octane number, de-
termined according to the research method, not less than; 8) TES [TEL-
tetraethyllead] content in g/kg of gasoline, not more thani 9) frac-
"tional composition (distilled at a temperature oc); 10) a) start of
boiling not below 11) b) 10% not above; 12) c) 50% not above; 13) d)
90% not above; 14i e) end of boiling not above; 15) f) residue in
flask, in %, not more than; 16) g) residue and losses, in %, not more
than; 17) pressure of saturated vapors, in mm Hg, not more than; 18)
acidity in mg KOH/100 ml, not more than; 19 content of actual tars,
in mg/100 ml of gasoline, not more than* 20) a) at point of petroleum
production (prior to ethylation); 21) bS at point of gasoline utiliza-
tion; 22) induction lag, in minutes, not less than; 23) sulfur con-.
tent, in %, not more than; 24) test on copper plate; 25) content of
water-soluble acids and alkalis; 26) content of mechanical admixtures

- - and water; 27) not standardized; 28) absent; 29) withstands; 30) ab-
sent.

TABLE 97

Composition of commercial automotive gasolines in
* .1 terms of components, at certain petroleum refiner-

ies [29, etc.]

.0 CompIautio xomno11enT0D B TonapioU Oeuanue n•O

3X 5 6 7 8 % 10-11
HOMBOUOUJIaT oi B '0 4 11

=__ _ 0M - - 442.: 0 t.*

on~nn DPmwoft lou~n 513 3-- 55365 54 5
136003MI UKUMU
)tPe~aire .....- 34 - 27 - -45 %7 n, - 48 9S

l1I.Ecioun iusaamme-I
.Korompax", ra 13 70 - - 5- 17 6 70 --15 OeusII •taalttnqe-

Cumlr pu~OPH111ra - - - 100145 -l -M 5
..~h yrpep3o?.n.

Nit Yr4SO"A0FODhi
rano*2 .... 2. .. 2 2 5

1) Coimponents; 2) content of components in coxmmer-
cial gasoline, by refineries, %; 3) Novo-Ufa; 4)
Ufa; 5, Cherrigov; 5) Omsk; 7) Syzran 8) Kuyby-
shev; 9) Novokuybyshev; 10) Krasnov'ýdsk; I1) BaIvA;

S112) direct-distillation gasoline; 13) thernal-
cracking gasoline; 14) catalytic-cracking gaso-
line; 15) catalytic-reforming gasol.ne; 16) prod-
ucts resulting from the refining of hydrocarbon
gases.

The A-66 gasoline is basically prepared by mixing two components:

direct-distillation and thermal-cracking gasolines. At those refin.
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eries which have installations for the refining of hydrocarbon gases,

the following products of these processes are used in commercial gasI.-

"." lines- the spent butane-butylene fraction, the pentane-amylene frac- k...

tion, gaseous gasoline, polymer gasoline, etc.

6 The A-72 gasoline is prepared on a base of single-stage cata-

lytic-cracking and catalytic-reforming gasolines with the addition of

those products obtained by other processes in the refining of petro-

leum and hydrocarbon gases.

In recent years the petroleum-refining industry has begun the

production of the high-quality automotive gasoline "Ekstra" for the

ZIL-111 and "Chayka" automobiles. Gasolines produced by catalytic

processes, containing admixtures of high-octane components (alkylate,

toluene, alkylbenzene, industrial isooctane, isopentane, etc.) are

used for the production of the above-mentioned gasoline as well as

for export brands.

The techniques involved in the production of the "Ekatra" gaso-

linehave not yet been finalized. It is produced in individual batches,

each having a different ratio of components (Table 98).

The "Ekstra" gasoline (batch 3, Table 98) successfully passed all

tests in a ZIL-111 engine and is presently used in domestic higher-

class automobiles.

In addition to the automotive gasolines for the domestic market,

the refineries are producing export gasolines under the brands indi-

"cated in Table 99.

Our export gasolines are on a par, from the standpoint of qual-

ity, with the best European brands and are in great demand in many

countries.

The selection of the automotive-gasoline grade required for ,r. .

. .9: imial operation of a given automobile is a function of the su :,a'
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TABLE 98

Composition and Properties of Specimens of "Ekstra"
Gasoline

,~~ n . pTax

I

3 C*"A2 No woxuoueutAN, w aos:
46) 6ensnt maTaam-eckoro upezra . . . 40,0 40.0 20,0
S 6)axauaiT .......... 33,0 35,0 35•0
6s) TOiYo. .................. 17M 10,0 01,0
7r) ronoDme tpaUmm 6enuma ipa fUo& r .

A) rasovuld6enm . . ............. -- 15 0 100.
9e) uooruaeu .. .. . ... .. ... ... , - - 10,0

l0 Mm)Kcso•bfuuzpAn paxnnp ."POOPM3r 1..-1_4DRTaitoxoe inezo no newo~ q MK "-

13 6) Ao6axoTa ....--
14Co1iepaIe TDC a efts 6eC* a ./........ . 0990' .1,23 0M.

15 epanuonnewl ,omsm (uepero's=U p. IwMEusayps, "C):-"•
a1b. ..................... 36 45 36

17) 10% .... .. ..... ............. 58 61 65
l• ,)I%..... .........-......... %104 t05 I5
1 9r) 9 ....... ...... 1Is8 t73 148
2 xi) ,. .............. • ..... 179 188 167.

1 *) o a•A 3o,1uoreiu,4.•.•.•.•.........3,5 3.5 40
. 22 JIaMeu2e u.&CUUennwa 1po;-, iam P. C. .. 400 327 300

23 I•naNnOUCM, as KOHI100 a ............ .0,26 0,01 0,43
ep-,-e $ ,e-, cwo.. .i .• 301A 48 i

25 MNAjWAuoNut aepuoPN . . . .... Bums00 Bumer Dawe600
26 ,oepmuS cepu, % . . . . . . ., 0,15 am
2 uaspauanse MuiuAu usonutcn .. .... 32 .Rp

i'•.: 1) Indicators; 2) batch; 3) composition by compon-
* ents, % by weight; 4) a) catalytic-cracking gaso-

4 line; 5) b) alkylate; 6) c) toluene; 7) d) head
i fractions of direct-distillation gasoline; 8) e)

gaseous gasoline; 9) f') isooctylene, 10) g) hydro-
r'orming xylene fractions; 11) octane number, ac-
cording to research, method; 12) a) in pure form;".
13) b) with addition of tetraethyllead (TES (TEL]);

i)TES [TEL] content, in g/kg of gasoline; 15)
f'ractional composition (distilled at a temperature
c), Oc); 16)a tr of--ebOilirng; 17) b) 1]0%;.18)

S)50%; 19) d) 90%; 20) end ofboiling, 21) f
residue and losses, %, 22) pressure of saturated
vapors, mm Hg; 23) acidity, nig KOH/.1O0 ml; 24)
content of actual r esins, mg/l00 ml; 25) induction
lag, minutes;- 26, sulfur content, %," 27) test on
copper plate; 28•) content of water-soluble acids
and alkalis; 29) content of mechanical im~purilties

•/' and water;, 30) above 600; 31) withstands, 32) ab-.
' " sent.

•. features of the particular engine in question. The factory, in its

-, .. •< instructions for the automobile, provides special stipulations as to
,i•ILth.• grade of automotive gasoline with which the particular engine suc-

.3
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TABLE 99
Technical Specifications for Export Automotive
Gasolines -

2 HopvU no iaapuM

"7_ l_ _o _3_ _ . 87 9 3-.

3nsaohfon Q4 we x$ . . . . 0,740 0,750 0,745 b,745 0,745 0.735 0,73.
- .'4.cop .. is•.,.-..o o,7 0,7e , 0,0

see . . .... 0, 7 0.73 0.4 .4 .7'

5O .oTAoe uclo: . . - *. .
(b no ,,CCJIAO3S&h2bCXOUY . .. "

AYe80 .... .. .- 87 90 95 93
7 no MOTOPOMY, ,W ,, a 33mme 74 -78 83 84 85 88 90"

)i-)• ,•8paxi~omu*,d coc"aa (nej~rozaet-. .
es np- Te-epaTp
9a) 0% e ume ...... 70 75' 75 75 "70 70 70

106) 50% sonoe . ... .. 105 120 120 120 120 110 110
• l)90% eme m...... ... 165 180 180 180 180 160 160.12 x. x. oso mwe ...... 180 205 205 205 195 t8O 18Do

l3A~uaeahe macxuteiamuz uspon
a. An ep. C.. s .ue s .... 3M 0 50 no 4W 4W 450

!4CoAp•S a n X /i00 MO 1
e -a .6oee........ 2 2 2 2 2. 2

5liNyMOR~iuoaz Depim@ am Mo be
MOOO .. ... .. 0 .W 800 500 500 5 500 5 00.W

6 CoAepzuM CPM 3 % l0 64ieG 0,1 0,1 04 Olt 04

1) Indicators; 2) standards for various brands;
203) density p4 , not higher than; 4) TES [TEL]

content in ml/kg, not more than; 5) octane num-
. *ber; 6) by the research method, not lower than;

7) by the motor method, not lower than; 8) frac-
tional composition (distills at a temperature of,
OC); 9) a) 10%, not higher than; 10) b) 50%, not
higher than; 11) c) 90%. not higher than; 12) d)
end of boiling, not higher than; 13) pressure of
saturated vapors in mm Hg, not greater than; 14)
content of resins in mg/l00 ml of gasoline, not
higher than; 15) induction lag in minutes, not
"less than; 16) sulfur content in %, not more
than; 17) absent.

cessfully passed extensive factory tests and which (gasoline) serves

as the basic grade of fuel for this engine.

"It should be borne in mind that there is no other fuel which

completely replaces automotive gasoline. Even aviation gasoline (B-
70) does not fully correspond to the requirements of an automotive

gasoline. This gasoline exhibits a somewhat higher temperature at

-. which 10% boils off, and therefore the starting properties of thts

"gasoline are inferior to those of automotive ,asolines. Repeated

50- 53 -
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tests have also shown that in operations with B-70 gasoline an auto-

"motive engine generally overheats. The latter is, apparently, caused

"by the lower viscosity of the B-70 gasoline as a result of which a

larger quantity of fuel manages to pass through the constant orifice

of the oarburetor jets and there is formed a combustible mixture that

is richer in composition than would be the case with operations on

automotive gasoline (2].

Automotive engines designed for low antiknock values of the gas-

"olines used can be employed with automotive-gasoline grades that ex-

hibit higher antiknock properties, but there will be no improvement

*i in engine operation in this case, and the cost of the.high-octane

gasolines will always be higher than that of the low-octane gasolines.

CHEMICAL COMPOSITION OF AUTOMaTIVE GASOLINES

Automotive gasolines are a complex mixture of various hydrocar-

bons containing a small quantity of nonhydrocarbon admixtures - sul-

fur, nitrogen, and oxygen compounds. The chemical composition of com-

mercial automotive gasolines is extremely inconstant and is a func-

tion of the quantity and quality of the components. Since comuercial

automotive gasolines consist primarily of components obtained by di-

. rect distillation and by thermal and catalytic cracking, it is nat-

ural that the physicochemical and operational properties of these

gasolines be determined primarily by the chemical composition of

these three components.

The gasolines obtained through the direct distillation of petro-

leum are the most thoroughly studied components of automotive ;aso-

lines. The content or certain hydrocarbons in gasolines produced by

direct distillation is wholly dependent on the presence of these hy-

.]. drocarbons in the initial petroleum. The quantity of aromatic and

naphthenic hydrocarbons in these gasolines, as a rule, increases as

- 5014 -
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TABLE 100
"Group Composition of Direct-Distillation and Ther-
mal-Cracking. GasolInes Produced from the_ Same Pe- ...
troleums

,'' 5 rpy•n.oBo CoMM,
1B.uu enpe- rapoma- $a11_ -

A' 21 A eaiibo tuqecxue zaxen YF am-
bU q msue yre-

A. I yraewo- yrnewo- ..... y eo-
A.. _________ -JAOPOAUIý AO0A ______ AOPOAM

""1 10 Barnucul upsuof
roax ..... 0,75350 188 0 3,7 527 43,6

11 EmsUeCxUa xpexur-"60333...... . .0,731 29 187 25,6 11,7 9,4 53,3
"12 rpoane-ctxa apamok

""Wuolu . . ..... 0,723 40 190 0 3.0 32,3 64,7'..:: 13 I'p•eucituA xe
1 r - -- .,. 0718 26 188 27,6 10,4 6,2 49,8

!20

1) Gasolines; 2) specific weight d• 0 ; 3) start of

boiling, C; 4 end of boiling, °C; 5) group com-
position, %; unsaturated hydrocarbons* 7) aro-
matic hydrocarbons; 8) naphthenic hydrocarbons;
"9) paraffinic hydrocarbons; 10) direct-distilla-
tion Baku; 11) Baku cracking gasoline; 12) di-
rect-distillation Groznyy; 13) Groznyy cracking
gasoline.

" "" TABLE 101

Content of Hydrocarbon Groups (in %) in Ther-
mal-Cracking Gasoline [3]

A..,..~~ nmaxuu 12 3 Hpe.iba 91 2l11
aw-a if- a, t~

man 00.U 4 qMm~em3s8

m l O R" mix apoua- log.,

60-95 Is 44 1it8 - 34,1 4,71 M1 59 33A93-122 20 72 tell 1.2 20. 9.3 10 .. 213
122-010 23 8,3 0.,0 23 2113 13.3 V. 704 M$?
15-00-m 39 U 9.0 1.8 21.4 13.0 88 6.4 us

1) Boiling range of fraction, °C; 2) yield of
.f traction % of1 fraction, 600-200o; 3) unsatu.

rated; 4$ cyclic; 5) six-member, 6) five-mem-
ber; 7) aromatic; 8) acyclic; 95 aromatic; 10)
hexamethylene; Ii) pentamethylene; 12) para£-

the boiling point or the at ,ses -hen there is a corresponding

e'eduction In the quantity of paraffinic hydrocai.bons. Unsaturated hy-

drocarbons are completely absent or present in extremely i,•iin fi-
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cant quantities. Sulfur, nitrogen, and oxygen compounds are concen-

trated primarily in the gasoline tailings.

Thermal- and catalytic-cracking gasolines are more complex sub-

S4Jects for investigation than direct-distillation gasolines as a re-

sult of the faot that the former contain subatantial quantities of un-

saturated hydrocarbons capable of reaction.

, The quantity of paraffinic and naphthenic hydrocarbons in ther-

mal-cracking gasolines is determined primarily by the nature of the

initial crude, and the content of unsaturated hydrocarbons is deter-

mined primarily by the refining regime. Here, as a rule, there are

.S more aromatic hydrocarbons than in the direct-distillation gasolines

produced from the same petroleums (Table 100).

An increase in the content of aromatic hydrocarbons in the ther-

mal-cracking gasolines can be explained by the fact that the heavy

fractions of petroleum, richer in aromatic hydrocarbons, serve as the

crude for cracking; moreover, under the conditions of cracking the

lower aromatic hydrocarbons are quite stable and are converted into

gaseous products to a lesser extent than are the naphthenic and paraf-

finic hydrocarbons.

Among the paraffinic hydrocarbons in the thermal-cracking gaso-

lines, pentane, hexane, heptane, octane, nonane, isohexane, trimethyl-

ethylmethane, diisopropyl, isopentane, isoheptane, etc. have been

identified. The basic mass of the paraffinic hydrocartbons contained

in thermal-cracking gasolines belongs to the normal or slightly

_. branched paraffin3.

The naphthenic hydrocarbons of theimal-, racking gasolines are

derivatives or cyclopentano and cyclohexane. Among these, met-ylayclo-

pentane, cycloh-exane, dimethylcyclopentane and methylcyclohexane,

etc. have been Identified. The presence of the tertiary carbon atom

7-p.



has been established in naphthenic hydrocarbons.

Of the aromatic hydrocarbons, the greatest quantity of benzene

. has been found in the thermal-cracking gasolines, and here toluene,

the xylenes, and the heavier a4lkylbenzenes predominate.

The unsaturated hydrocarbons of thermal-cracking gasolines are

"primarily monoolefins. The cycloolefins are contained in the middle

and higher fractions of petroleum. 3- and 2-methylpentenes, 4- and
5-methylhexenes, hexene, some heptenes and octenes, methylcyclopen-

"tene, etc. have been identified.

The quantity of diolefinic hydrocarbons in thermal-cracking gas-

olines does not exceed 1%.

Piperylene and cyclopentadiene have been identified in the low-

boiling fractions of gasoline through reactions with maleic anhy-

S.-dride.

The content of individual groups of hydrocarbons in various gas-

oline fractions produced by the thermal cracking of mazout from Groz-.

nyy paraffinIc petroleum is presented in Table 101.

The catalytic-cracking gasolines are, in terms of chemical com-,

position, unlike the thermal-cracking gasolines in that the former

have a higher content of aromatic and isoparaffinic hydrocarbons. The

content of umsaturated hydrocarbons in catalytic-cracking gasoline
-. 7 lfrom a light crude (the kerosene-gas-oil fraction) is generally lower

than in thermal-cracking gasolines. As the crude becomes heavier, the

quantity of unsaturated hydrocarbons in the single-stage catalytic-

cracking gasoline increases. Among the unsaturated hydrocarbons of

the catalytic-eracking gasoline from a heavy crude, the olefins with

straight and branched chains pre4ominate. The quantity of these ole-

fins amounts approximately to 50% of the over-all content or unsat-

urated hydrocarbons In the gasoline. Approxlmately 30% is made up 0f
4 i. - 5 7
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¶ unsaturated side chains linked with the aromatic nucleus. Diolefinic

hydrocarbons with conjugate bonds may be present in substantial quan-

tities in single-stage catalytic-oracking heavy-crude gasolines.

TABLE 102
Content el •ydrocarbon Groups (in %) in Cataly-
tic-Cracking Gasoline [3]

C 3epeACA.M 91 10 o &.11 1.2
- I '8gl*I 9

flp#Aeau________ __

64 toex~ Ii~ca-
- - . - -, -[5,m,- -p•ll, -. - - F• - -! _-

.0-.5 30 0 4 U , -%_ M II W? W,355,
.-12 1' -- I *7 1 U I 23 3 i Oft W.. t 5 ,4 *9-I 67 42.6 12? V. 254

122-150 to - 58 .. * u

1) Boiling range of fraction, OC; 2) yield of
fraction, % of fraction, 60-200; 3) unsaturated;
4) cyclic;_5) six-member; 6) five-member; 7)
aromatic; 8) acyclic; 9) aromatic; 10) hexame-
thylene; 11) pentamethylene; 12) paraffinic.

TABLE 103
Sulfur Content in Gasoline Distillates from Va-.

_rious Sources

11I"-,I- SIU MII

!+ I .p +ji; :.,

son? :"a4 U4=~ 30.9 190 W

.... .. . .. . ..2. 4 . . 4. U 3.2 . U
,•, • t tiw.,,v .. ~. I o -o I l a

KM~f 03a #$xu~*w 350-4 IIAI

"1) Gasolines; 2) over-all content of suitur, %;
3) quantity of sulfur compounds, %; 4) hydrogen
3ul1ide; 5) elementary sulfur- 6) mercaptans;
7) sulfides; 8) disulfides; 9$ residual sul-
-Dr*-**; 10) direct-.dstillation gasoline from
Tuymazy petroleum*; 11) thermal.-cracking gaso-
line from raout or Tuymazy petroleum**; 12) cat-
alytic-cracking (Key continued on following page]

.. % - -% - - - -.. .. - . ..-
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[Key to Table 103 continued]: gasoline from 350Q450° fraction of Tuy-
mazy petroleum.

*According to data from A.S. Velikovskiy and S.N. Pavlova.
**According to data from A.V. Agafonov, B.G. Abayeva, and N.A. 0kin-

shevich.
***Residual sulfur - conventional designation of remaining sulfur com-

pounds in Faradzher analysis.

The distribution of the hydrocarbon groups in the fractions of

the gasoline produced through the catalytic cracking of the kerosene-

gas-oil fraction of the Groznyy paraffinic petroleum is presented in

Table 102.

An examination of the data in Tables 101 and 102 will show a

substantial difference between the content of unsaturated and aro-

matic hydrocarbons in thermal- and catalytic-cracking gasolines. The

thermal-cracking gasoline contains 45% unsaturated hydrocarbons, and

11% aromatic hydrocarbons, whereas the catalytic-cracking gasoline,

conversely, contains substantially more aromatic (33%) and less un-

saturated (11%) hydrocarbons. The tendency to increase the concentra-

tion of aromatic hydrocarbons into higher-boiling fractions is parti-

cularly noticeable in the catalytic-cracking asoline.

r FS Q 4riB 4  04 SVPUP or,

unsaturated hydrocarbons is virtually absent in the oatalytic-cracking

gasoline. The presence of unsaturated hydrocarbons with a five-member

ring is greater by a factor of almost 3 in the thermal-cracking gaso-

line than in the catalytic-cracking gasoline.

The sulfur compounds are the most significant of the nonhydrocar-

bon admixttures in gasoline. Their presence substantially affects Suc'ý'

operational properties of gasolines as their responsiveness to tfw

-509-
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,-• tiknock agent, their tendency to oxidation and scale formation, their

anticorrosion properties, etc. With an increase in the quantity of

"sulfur compounds in the gasoline, the operational properties of the

gasoline are impaired.

In the direat-distillation gasolines produaed from sulfur-bear-

ing petroleums, the content of sulfur compounds is generally small.

The basic mass of the sulfur compounds are found in the higher-boiling

- fractions of the petroleum. As these fractions are refined by means of

* thermal or catalytic cracking, the resultant gasolines contain more

sulfur compounds than do the gasolines produced by the direct distil-

lation of this same petroleum (Table 103).

The basic difference in the composition of the sulf-r compounds

in the gasolines obtained by the various refining processes from one

and the same petroleum (Table 103) lies in the content of the so-

called "residual sulfur." In the direct-distillation gasolines approx-

imately 18.6% of the total sulfur content Is contained in this resi-

due, whereas in thermal- and catalytic-c.-acking gasoline "residual

sulfur" amounts to 71.8 and 76.8%, respectively. The quantity of these

compounds in the composition or the "resduaal sulfur" In the the~rmal-
and catalytic-cracking Ga-solines is approximaely* dentl, but there

"is a diffexence in quality, sin0e it is substantially more difficult

"to puriiy the thormal-cracking Sasolines or'sulfur than is the case

with the catalytic-cracking gazollnes.

The o.V~en coape'unds of gasolinos pezPt n pri•nariL• to organic

acids mid phenols. Theso compounds tav , ound bsl cally in the hig-

boiling Casoline fractions. Crackin g•3solines renerally contain more

oxygen compounds than dir•ct-distillation gasollneso

7.. Nitrogean cwtpounds are contained ln gasolines in I r4n!fICan t

quantities, and generally in the torm of derivatIveos of pyridine and

- 510 -
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similar nitrogen bases. In contradistinction to direct-distillation

.gasolines, in cracking gasolines we find only aromatic nitrogen

bases.

FRACTIONAL COMPOSITION OF AUTOMOTIVE GASOLINES

The fractional composition is the most important indicator of"the'.

quality of automotive gasolines, and on it depend the ease and relia-

bility of starting, the warmup time, and responsiveness of the engine.

The general problems relating to vaporization and mixture forma-

tion in automotive engines were examined earlier (see Chapter 5); the

problems associated with the effect of the fractional composition of

gasolines on the behavior of engines under operating conditions are

considered in this chapter.

The Starting of a Cold Engine

S--..$0 q-72 1 -6 The easy starting of a cold

"eiigine depends in great measure on

1 the quantity of easily vaporized

,. 20 fractions in the gasoline.

The possibility of starting a

-" •cold engine is generally associ-

ated with certain points on the

*. . standard gasoline-distillatlon
--- --20

curve (GOST 2177-48) and the pres-

40 50 60 70 d0 90 too sure of its saturated vapors (GOST
2 Te•npompo ,o0 •.o.~omo o~M dNJuo, °o1 ~1756-52).

Fig. 140. Starting propertiesof atomoivegasoines i)Rather extensive projects
of automotive gasolines. 1)Air temperature, 00j 2) temp-peratureof 10% 2)stillation have been carried out both in the
erature of 10% distillation
of gasoline oC; 3) "vapor-
air lock"; 4) easy start; 5) USSR and abroad on evaluattrg the
difficult start; 6) cold start starting properties of gasolines,
impossible.

but no uniform requirements iWitbh
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respect to the fractional composition of a gasoline to provide for en-

gine start have as yet been worked out.

For example, N.V. Brusyantsev (11] maintains that In order to

provide for the starting of automotive engines during the winter in

the oentral belt of the Soviet Union at an air temperature of -20° or

higher it is necessary for the 10% distillation temperature of the

gasoline being used to be no higher than 76-780 (under the condition

that use is male of corresponding grades of lubrication oils which

w!.ll provide for rather easy turning of the crankshaft of the engine

at this temperature).

In the proposals of the NAMI [State All-Union "Order of Labor

Red Banner" Automobile and Automobile Engine Scientific Research In-

stitute) with respect to the new specifications for domestic automo-

tive gasolines [12] provision has been maJe for a reduction of the

10%-distilled temperature to 600 (in the place of the 75-790 accord-

Ing to the GOST 2084-56) 1'or summer gasoline grades and to 50 in the

"place of 650 for winter grades.

According to the data of A.S. Irisov (17] (Fig. 140) the A-72

0* igasoline, having a 10%-distilled temperature below 70 , must provide

0~

•-for the start of a cold engine to a temperature of -17° or above, and

the winter A-66 gasuline (10% boils ever below 65°) must provide for

"the start of a cold engine at a temperature of -240 or above.

In Great Britain, where the air temperature during the winter

rarely falls below -7°, it is felt that in order to provide for the

satisfactory starting of a cold engine it is necessary for 10% of the

winter gasoline grade to be distilled below 600. For the summer gaso-

line grade the distillatton temperature (10%) may be raised to 700

In thc USA, in recent years, the ease and reliability of starting

"-512
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-a cold engine has been associated with-the quantity of light fractions

* in the gasoline, said fractions boiling over below 70' (14, 15). It is

felt that the starting of an engine at an air temperature of -20°

meets with no difficulty if the gasoline being used. contains more than

% of light fractions boiling over below 700 (iKg. 141).

TABLE 104

Properties of Automotive Gasolines Tested for En-
* •gine Start

1 HOMeaTye, "")
_ _ _-~~~ .x . 11 1 r18 l

3 'mpaxiuoxnwa n

4 T u neporoas e , caH. T ....... 34 41 43 46 55. 56 83

.0% ....... 48 59 64 613 75 77 8820%...... 55 68 73 78 84 85 92
30%. 6o ........- 76 80. 85 92 93 99
40% . ...... 7t .88 89 93 100 100 107
50•6. ....... 8 95 lo0 103 11O 108 M13
.60%....... 94 109 113 113 120 118 124
70%. ........ 109 126 121 127 134 1t, 138

180% . - t29 143 1143 143 147 145 1St90% -.... 1 57 168 168 166 166 166 167

5 ............ 87 1 87 t 87 187 187 187 $89.6l1CUapaesOUr0n AO
cO*C, % 38 24 16 12 6 5 1

7 Aaaaesue - uaountex-
nux .napon. (rOCT
1750-52), aM pT.cT. 547 430 310 230 203 194 189:''"" 8 llPe~eams me 'ue-

,. aiypu ios~yxa, .

Snpa KO!OpUx Do$-
UO)KOU UYCI( ROJOA- -

. oro AurawRJs, OC -26-4- -21-.- -18i- -W8-- -12-i- -it---7-
-1--27 -1 -- -- -17 -. -13 -2

1. I) Indicator; 2) specimen No.; 3) fraction compo-

sition (distilled at a temperature, 0C); 4) start
of boiling; 5) end of boiling; 6) -vaporizability
below 7000, %' 7) pressure of saturated vapors
(GOST 1756-52), mm Hg; 8) limit air temperatures

* at which cold-engine start is possible, ,C.

In order to refine the requirements imposed on the fractional

composition of gasolines and to clarify the starting properties of

"these gasolines, tests on seven gasoline specimens (353 were carried

.* out, each gasoline differing from the other in terms of the content

* •- ofr light fractions. These specimens were prepared on a base of the

commercial automotive gasoline A-72 by distillation or through tnr-

* -513-
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TABLE 105
Data of Various Investigations Into the Effect
of the 10%-Distilled Temperature of a Gasoline
on the Starting Properties of this Gasoline

1.j l 2 M-iulxaaxaax ioiuepatypa BoSAyxa, iipa ROTOpOi
TeunopaTypa sOmMOJeO nycx JAnitraTO9M,

4C Abuau BPY n1 IANNUvM AAR~EIMUM WANOYI.
na tem 10 3OASA N 3 jnalnranax

, . v, BuTrepca 119) rA3-51U ____ ..____..
.. .48.. -- 22-. .... -26 -26+27

59 -12 -19 -22--23
64 -8 -15 -18+19
68 -5 -13
75 -- -8 -t2411
77 +3 -7 -1..12 '

86+1O -i -- 7+8

1) Distillation temperature (10%) of gasoline,
oc; 2) minimum air temperature at which engine
"start is possible, o0; 3) data after Braun
(see 10)J; 4) data after Cowderay and Witters
[193; 5) data from tests of GAZ-51 engine.

1 -6 - L-

tR 26- - - - -

0 ' 2) ' • 50 ,?.80 70
fO 20 30 c 0 50 2Teunepamypa nepe2oku 10% OeNJUC"."~ ~ flpa~eem ucnoepeusrnpv ?O*C

Fig. 141. Effect of Fig. 142. Limit air temp-
vaporizability and erature at which cold-en-
air temperature on gine start is possible as a
duration of start. function of the 10%-dis-
1) Duration of start, - -tilled temperature of the
sec; 2) percent of0  gasoline. 1) Air tempera-
"vaporization at 70 0. ture, 00; 2 10%-distilled

temperature of the gaso-
line, o0.

dition of light fractions (Table 104).

The tests were carried out during the winter in an automobile-

"laboratory equipped with a GAZ-51 engine, with the temperature of the

surrounding air at -270 or higher. For the crankcase oil a low-vis-

"cosity motor oil was used, since this oil made it possible to obtain

-514-
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the number of engine revolutions required to start the engine at an

air temperature of -27° or higher.

Figures 142,_143,_and 144 show the limit air temperatures at

which engine start is possible as a function of the fractional compo-

sition and the pressure of the saturated vapors of the gasolines be-

ing investigated.

The limit starting temperatures for engines operating on gaso-

lines of various fractional--compositions is virtually directly pro-

"portional to the'-Value-of-th-i%,:0distilled temperatures of the gaso-

line (Fig. 142).

The data that were obtained on the effect that the 10%-distilled

temperature of the gasoline has on the starting properties of the

gasoline and the earlier-published results of the investigations are

presented in Table 105.

The limit starting temperatures that have been determined are

substantially lower than those presented by Braun [10], and somewhat

lower than those determined by Cowderay and Witters [19]. The diver-

"gence in the data can be explained by the differences in the designs

of the test engines, the properties of the lubricants employed., and

the methods by which the tests were carried out.

On the basis of the obtained results, the following formula may

be recommended for practical utilization:-

tv = tlo%/2 50.5,

where tv is the minimum air temperature at which engine start is pos-

i blei in °* tlO% is the 1O%-distilled temperature of the gasoline,

in C.

The tests that were carried but showed that in order to start a

. cold engine during the winter, under the climatic conditions of Uhe .

':.• - 515 -



northern and central belts of the

• i Soviet Union (at an air temperature

ranging between -20 and 250) the

- --------- 10%-distilled temperature of the

-..... I gasoline should not exoeed 50-60°,

S-26 -and no less than 20-25% of the
4 8 12 1. 20 2A 28 32 36 4

:1 2 ARonu~ecm&O•MeJuZ poautOunuxdo,4 gasoline should boil over below

F "Fig. 143. Limit air tempera- 700 (Bee Fig. 143).
•".•ture at which cold-engine

tureat hic col-enineThe relationship between the
starts are possible as a func-
tion of-the quantity of lightt o e n o iminimum air temperature for engine
fractions boiling over below
"70o. 1) Air temperature, oC;
."2) quantity of light fractions start and the pressure of the sat-
boiling over below 70 0, %. urated vapors of the gasolines em-

0 ployed is quite characteristic (see

-------- Fig. 144). With a reduction in the

-72 - " pressure of the saturated gasoline

-16 vapors to 250-260 mm Hg, the start-

"-4 ing properties of the gasoline are

A'• 1-28 - - impaired virtually rectilinearly.

160 2•0 280 03W8•004 •8 •28•....-The-ie-duction of the pressure of
:" the saturated vapors below
Fig. 144, Limit air tempera-
ture at which cold-engine
starts are possible as a func- 250 mm Hg is accompanied by a pro-

ft . tion of the pressure of the nounced impairment of the starting
saturated gasoline vapors .
(GOST 1756-52). 1) Air temper-
ature, oC, 2) pressure of sat- properties. These data indicate the
,urated vapors, mm Hg. need for limiting the lower limit

",t of the pressure of the saturated vapors or automotive gasolines. To

provide for engine starting even in relatively warm weather, the pres-

sure of the saturated gasoline vapors should not be below 250 mm Hg.

:k, p.:. The upper limits of the pressure for the saturated vapors of do-

." mestic automotive gasolines (700 mm Hg for the winter grades of gaso-
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TABLE 106
Effect of Air Temperature on Gasoline Consump-
tion and Duration of Cold-Engine Start of
"Moskvich" Automobile [20] ,x-n,

f lpowAXUnoabn OTMoc(Mnycxa P(
l(1 coK.) Ha 601o39O, 10% ito- nycoe na Gounaie, t0% xo-

1TnY 2 •por !cnapTcR -p" • TOpOro ~ncapnoTcR nPZ

S790 720 79. 720

0 to's 914 t0, 8,
-6 45,0 29,0 48,0 30,0
i 515,0 225,0 678,0 399,0

1) Air temperature, OC; 2) duration of start
(in seconds) with gasoline of which 10% vapor-
izes at; 3) -fuel-cons.mption (in ml) during

" " starts with gasoline of which 10% vaporizes at.

line and 500 mm Hg for all of the remaining grades) satiafy the re-

quirements of automotive engines in terms of the starting properties

of gasolines.

The starting of a cold engine depends not only on the fractional

composition of the gasoline being used, but on the quality of the

lubricant as well, and on the design of the carburetor, the intake

"manifold, and a number of other factors. However, the starting of

each engine is doubtlessly facilitated by the utilization of gaso-

lines which contain a greater number of the light fractions which

boil over below 70°, which exhibit a lower 10%-distilled temperature,

and a higher pressure of saturated vaporL.

It should be borne in mind that an increase in the time required

to start an engine functioning rn a gasoline which exhibits poor va-

porization properties will, naturally, be accompanied by an increase

in the fuel consumption (Table 106).

As the temperature of the surrounding air drops, the quantity of

gasoline consumed in the starting of the engine increases; the con-

sumption of a gasoline which exhibits poor vaporization properties In-

•.KK -*. creases particularly sharply (see Table 106).
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It is possible to improve the starting characteristics of gaso-

12 2... lines by lightening their fractional composition only within certain

limits. The utilization of extremely light gasolines in an engine re-

sults in other operational difficulties - the formation of vapor

looks In the fuel manifolds and the gushing of the fuel through the

carburetor jets.

Formation of vapor locks

In automobile operation it has been noted that the light gaso-

lines which are capable of vaporizing intensely at the temperature be-

ing evolved beneath the hood of a heated and normally functioning en-

ln.oe 2 nopaTypa navnaa o~pa-•-" ~ ~ ~ ~ ~~oI TIouPATypai0 o:aaTrova'c 9.809oann, na x-po,
10% Goiaauna, 'C, r UPc66N.

40 -13
50 +7
60 +27
70 +47
80 --67

ip

1) 10%-distilled temperature of
gasoline, OC; 2) temperature of
beginning of formation of vapor
"locks, oC.

gine can form so-called "vapor looks" in the fuel manifolds and the

carburetor channels. The tuel begins to enter through the carburetor

Jet in the form of a foam consisting of liquid gasoline and carrying

(in suspension) numerous air and gasoline-vapor bubbles. Here the

quantity of gasoline (by weight) employed for the preparation of the

mixture diminishes sharply and t'he combustible mixture is drastically

leaned; the engine begins to "sputter" and may stall [18].

The formation of vapor locks is much more serious in the summer

than it is in the winter, and aWticularly in those regions situated

high above zea level. Therefore, znay countries have developed special

grades of gasoline for use within a specific climatic zone and for a
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definite time.of the year. During the winter gasolines with a greater

* ' quantity of easily vaporizing fractions are used to provide for ease

-of engine start in cold weather, whereas during the summer gasolines

"are used with a lower tendency to vaporize, this in order to prevent

the formation of the vapor looks.

The most favorable conditions for the formation of vapor locks

Sare present as an engine is stopped in hot weather. In this case, the

engine compartment is no longer ventilated, and the air temperature.

rises sharply; the gasoline in the fuel manifold then heats up dras-

tically. These conditions favor intensive gasoline vaporization and

the formation of vapor locks, as a result of which it is impossible

to start the engine even if the automobile has been brought to a stop

for only a short period of time.

As the engine is stopped, and sometimes during engine operation,

"we can observe yet--another- phenomenon that is associated with the ex-

cessive vaporization of the gasoline in the engine fuel-feed system -

"this is the gushing of the fuel through the carburetor jets. The gaso-

line vapors may collect in the bottom part of the carburetor flow

chamber, thus forcing the liquid gasoline into the intake system of

"the engine. The ejected gasoline forms a somewhat overly rich mixture

and the normal operation of the carburetor is disrupted. This phenom-

enon has been designated as "percolation."

The air temperature (t ) at which the formation of vapor looks
is possible is associated with the lO%-distilled temperature (t

% kof the gasoline by the following equation [10]:
"t " 0%- 93.

In calculations with this formula, we obtain values of the temp-

"" eratures for the beginning of the formation of vapor locks as Vunc-

'. .
•*.4*
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tions of the vaporizability of the gasoline being employed.

In accordance with these data and the results presented earlier

12.Y "on the effect that the 10%-vaporization temperature of the gasoline

has on the start of an engine (see Fig. 142), a gasoline with a 10%

point equal to 50° may be used suooessfully at an air temperature

ranging from -260 (from the starting of the cold engine) to +70 (to

the formation of vapor locks); a gasoline with a 10% point equal to

600 may be used at an air temperature ranging from -20° to +270; a

gasoline with a 10% point equal to 700 may be used in an air tempera-

"ture range from -15° to +47°, and a gasoline with a 10% point equal to

800 may be used within a temperature range of -10° to +67°

The temperatures presented above can be used ornly as tentative

data for a determination of the adaptability of a given gasoline spe-

cimen, since the pressure of the saturated gasoline vapors and the

structural features of the engine'8 fuel system have not been taken

into consideration here.

To calculate the temperature for the beginning of the formation

of vapor locks, we propose the following formula which associates

"this indicator exclusively with the magnitude of the saturated-vapor

pressure, after Reyd (sic] (10]:
Stv 260 - 77.8 log Pr,

where tv is the temperature of the beginning of the formation of va-

por locks, in °e P is the pressure of the saturated gasoline vapors,

according to Reyd [sic], in mm 11.

,' Calculations in accordance with this formula show that a gaso-

line exhibiting a saturated-vapor pressure of 500 nun 1g will forn va-

por locks at a temperature above +500, whereas a gasoline with a sat-

"-. "-'" turated-vapor pressure of 700 mm HS will form vapor locks at +39°.
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These data pertain to the operation of automobiles in lowland regions,

2. at sea level. With greater altitude, vapor locks may form at lower
,.°temperatures.

Industrial specifications for domestic automotive gasolines per-

mit a saturated-vapor pressure of up to 500 mm Hg for summer grades

and up to 700 u Hg for winter grades. In the proposals of the NAMI

[12] on the new specifications for automotive gasolines provision is

made for the reduction of the permissible level of saturated-vapor

* pressure to 450 and 600 mm Hg, respectively.

50

50 
So S _ .. •

500

600

ZO , 
q 0 !

15c Z0 404

ISO

Fig. 145. Effect of sat- Fig. 146. The tempera-
urated-vapor pressure and ture of vapor-lock for.
gasoline vaporizability mation as a function of
"on the formation of vapor the saturated-vapor
locks at various tempera. pressure and the vapor.
tures. Up to 700 the fol- izability of the gaso-
lowing gasolines vapor- line (nomogram). 1) Sat-

*lze,.%: 1) 40; 2) 30; 3) urated-vapor pressure,
.20 4) 10. A) Saturated- mm Hg; 2) air tempera-
vapor pressure, mm SH; B) ture, 00; 3) percentage
air temperature, . vaporized below 7000.

.\A more exact idea as to the teqr'toures prevailing for the nl-.

tiation of vapor-look formation in the engine feed system can be ob-

tained by studying the effect of two indicators simultaneously, i.e., ", *

*4'-44we have reference here to the pressures of the saturated gasollne va-
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pors and the quantity of light fractions in the gasoline.

Figure 145 shows the temperature of the beginning of vapor-lock

formation as a function of the pressure of the saturated gasoline va-

pors and the percentage of gasoline vaporizability below 700 [16]. A

gasoline exhibiting a saturated-vapor pressure of 500 mm Hg will form

vapor locks at an air temperature ranging from 29 to 39° depending on

the content of light fractions (boiling over below 700) within the

gasoline.

For the practical determination of the temperature at which the

K. formation of vapor locks in engines begins with the utilization of a

"given gasoline, we recommend the nomogram [15] obtained through the

evaluation of the test results carried out on many automobiles of va..

"rious makes (Fig. 146). As a result of the investigations it was de-

termined that this indicator is far from constant.

The variations in the designs of the fuel-feed systems are re-

sponsible for the divergence in the obtained results. The temperature

attained by the gasoline in the system is a function of the layout of

the manifolds, the functioning of the thermostats and the radiator

louvers, the ventilation of the engine compartment, and similar auto-

mobile features. The cited relationships between the vaporizability of

* the gasolineu and their tandency toward ;apor-lock formation can be

used only for a tentative evaluation of the suitability of a given

"gasoline for utIlization under the given temperature conditions.

Warmup and Resuo siveneas of hnuine

The time xvquired f or the wazup of an engine dopends in great

., measure on the fractional composition •uid the nature of the distilla-

tion curve Por L-he gasollne being used. The qumitity of light. and

• -. " medlun•f•taotions In the gciasolne, as well as the 90.-vaporization

"temperature of tI* gasoline affect the warmup of the engine* L%. addl-

. . . 2-t 2 -



tion to the fractional composition

• ,moA.O@u•f of the gasoline, the structural

features of the engine also have a "

8-.i substantial effect on the time re-

quired for engine warmup. The rela-
0 PC.nwui,,lO me fntpoP utno 50m 5 tive effect of a change in the

distillation on the warmup time of

3 3 two types of engines is shown in

14
8.j The engine of the first auto-

+';' + -•• i• 3mobile proved to be only slightly

:i;: "5T.• ,,'0- *S -P5,% -S. "$ S sensitive to changes in the frac-

;-...-tional composition c2 the fuel
''"Fig. 147. Effect of automo-

"-bile desn on warmup dura- (14], whereas the warmup time of
tion. I-25 Automobile 1 - au-
tomobile 2, varying percent- the engine in the seoLnd automo-

e of vaporization below 700;
"-low value; 4) hig value; bile changed siuniflcantl, as gas-

51 varying 50_ vaporization
temperature; 6) warmup. time,.. olines having va 'ous quanti-ties of
minutes; 7) air temperature,
OC. light and meodium fractions were

used (see Fig. 147).

The 50%-vaporization temperature of the gasoline has the most

significant effect on the warmup time of the •ngline. The higihr this

"temperature, the longer the period of time required to warm up the en

In the proposals of the NOI f121 on 'the new specifications for

domeatlc gasolinea, it in suggested that the 5OA-vaporization temper-

aturo o.f gasoline be lowered to 1150 for the summer grades, and to

1,050 fozr winter grades. -

To determine the duration of engine warmup on a given gasolne,
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"we can use the nomogram (Fig. 148)

•[ o 9-'0 compiled from an evaluation of the
* test results from six automobiles of

2
vi.a50various designs.

7 By the term "responsivenesa" ot

1k --25. R an engine we mean the speed with
4 -1 N•which the rpm of a completely

1e5
,-tE.kleDG5hp -. ' ,0 a heated engine can be increased as

the throttle is opened abruptly.
4,45

The responsiveness of an engine is

3 a function of the fractional compo-

Fig. 148. Duration of engine sition of the gasoline (primarily or
warmup as a function of gas-
oline vaporizability and the the 50%-vaporization temperature of
"air temperature (nomopram).
"1) Additional line- 2) air the gasoline) and the design of the
temperature, 00; 31 50% va-
porization temperature of engine's intake system.
gasoline, 00; 4) duration of
warmup, minutes; 5) percent- The automobile will accelerate
age of vaporization below
700C. satisfactorily if the gasollne pro-

TABLE 107
Eiffect of Itactional Composition on Responsive-
nesZ of GAZ-5l engine without load*

60 sat

tur pecc3- - 17P 1 6t06 - -

two 1k %S M.,o 1

'I. t 0 t0 ,0 •
-+". 3.. 234 l•Z) I 1.t0 $,S•19-

',11 41.I,, '11.0 400) • "4 +

A? .er the data of A. A. Gureyev, H. A. Senichkin,
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[Key to Table 107]: 1) Time from instant of throttle opening, sec; 2)
total engine rpm after opening of throttle, when operating on a gaso-
line of the following fractional composition; 3) 50% vaporizes below
970; end of boiling, 1710; 4) 50% vaporizes below 1070; end of boAl-
ing, 1750;" 5) 50% vaporizes below 1120; end of boiling, 1800; 6) 50%
vaporizes below 1200 .end of boiling, 1820; 7) 50% vaporizes below,,,,
1280; end of boilingi 1860.

-ides for a fuel-air-mixture composition equal to L:12 (by weight).'

If the gasoline exhibits less satisfactory vaporizability, leaner 'mix-

tures are formed - having compositions of 1:16, 1:18, and 1:20 - and

the time required for acceleration increases by 9.37 and 170%, re-

spectively [22].

We have carried out experiments to study the effect that the

-fractional composition of a gasoline has on the responsiveness of the

GAZ-51 engine, without load (Table 107).

We can see from the data in Table 107 that the quantity of medium

and tailing fractions in the gasoline has a substantial effect on the

responsiveness of the engine. In tests carried out with the engine

under load the difference between the gasolines, in terms of the

speed with which the rpm can be increased, may prove to be even more

"significant.

The Effect of the Fractional Composition of Gasolines on Engine Wear

The completeness of gasoline vaporization in an engine is char-

acterized by the 90*-di3tilled temperatures of the gasoline and the

end of gasoline boiling. With high values for these temperatures,

the heavy gasoline fractions do not vaporize in the intake manifold

of the engine and enter the cylinders in liquid form. The liquid por.

tion of the gasoline vaporizes in the combustion chamber, but not

completely, and the unvaporized portion flows through the seals of the

piston rings into the crankcase of the engine. In this case, the lu.

bricant is flushed away from the walls of the cylinders and the cil in

the crankcase is diluted. At those points where the lubricant is
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flushed away semidry friction of component parts takes place and this

"is accompanied by an increase in wear.

Particularly intensive engine wear takes place if the engine is

-:started while cold and gasolines of a heavy fractional composition

are used. In this oase the liquid form of the gasoline enters, in

large quantities, the engine cylinders and there is serious flushing

of the lubricant from the walls. It was pointed out earlier that with

a drop in the air temperature and an impairment in the fractional com-

position of the gasoline the time required to start the engine In-

creases as does the quantity of fuel expended on the start (see Table

"1o6).

N.V. Brusyantsev [23] found that it is primarily those gasoline

0
fractions that boil over above 180° that enter the crankcase oil.

* .Here there is a certain reduction in the viscosity of the lubricating

"oil. However, the basic factor resp(%nsible for increased wear of au- -

tomotive engines with the utilization of fuelb exhibiting poor vapor-

izability is not the dilution of the crankcase oil, but the flushing

of the lubricant from the rubbing surfaces of the component parts by

the unvaporized fuel. The degree of oil dilution in the crankcase can

be considered as an indicator only of the fact that the lubricant is
a...

being flushed away in the engine and that this produces increased

wear.

The relationship between the temperature of the end of gasoline

boiling and the over-all engine wear during operation with these gas-

olines is presented in Fig. 149.

In addition to increased wear, fuel consumption (Fig. 150) In-

creases with tho utilization of gasolines exhibiting a high end-of-

boiling tempezratuLie, and there is av intensification, of the dis-

-tribuon nonunifox lty in the composition (in %) of the combustible
S....526 -
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Fig. 149. The effect Fig. 150. Effect of
of the end of gaso- end of gasoline dis-
line distillation on tillation on-gasoline
engine wear. 1) Total consumption during
engine wear,%; 2) automobile operation.
temperature of end of 1) Gasoline consump-
" gasoline disllion, .... tion, %; 2) temperaturegsolc. 

of end of gasoline dis-
tillation, C.

mixture through the cylinders of the engine (24].:

90% gasoline vaporizes at the following temperature, 0C:

115 ............................. 3.0
i-'.120 3.2

130 ....... ... .. .. .. .. .. .. 8.41/4o ........ .... ......... ........ 8.o
ld 1450
154 ............................. 18.0

End of gasoline boiling, 0C:

135 ............................ 3.01 40 .. . . . . .3.1

150 ................ .............. 3.2
J. 4.8

" ~~17708

Domestic automotive gasolines exhibit an end-of-boilng tempera-

ture of 2050 (A-66 gaeol.inO and 1950 (A-72 gasoline), and the 90%-

distilled temperature IL, respectively, equal to 1950 and 1800, The

winter gasoline for the *regionz in the North and in Siberia exhibit

"" an end-of-boiling terpearature Qo 1900 and a 90%-distilled temperature
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of 175.

With a reduction in the end-of-boiling point for automotive gaso-

lines, the operational, properties of the gasolines show substantial

"improvement, but the available quantity is reduced.

Carburetor Icing

The vaporization of gasoline in the intake system of an engine

. .is"-accompaniedby a drop in-the-temperature of the fuel-air mixture

as a result of the fact that the heat required for vaporization (the

• - heat, of vaporization) is taken primarily from the air in which the

vaporization takes place, and from the metallic component parts of

the intake system. It has been noted, for example, that at an ambient-

aiir temperature of +7.5°, the temperature of the throttle drops to

--14 within 2 minutes.

As a result of the reduction of the temperature in the fuel-air

mixture, the moisture in the air freezes and condenses on the cold

component parts of the intake system, forming an ice crust. As the

throttle ices up, the flowthroagh section of the carburetor is re-

duced. At low rpm, and incomplete engine load, the quantity of the

injected fuel-air mixture is reduced, the engine rpm is lowered, the

operation of the engine becomes intermittent, and this latter i ac-

companied by the shaking of the entire engine. Under particularly un-

Sfavorable conditions, the throttlp may._freeze..to the diffuser and the

engine will stop.

As a result of the formation of ice on the Jel-s, the flow of

gasoline is interrupted, the combustible mixture is leaned, and the

engine rpm is reduced.

"The degree of carburetor icing is a function of both the tempera-

ture and humidity of the air, as well as of the design of the intake

C. system, the vaporizability of the gasoline, and the latent heat of

- 528 -

* -*~ ~ ~'~U~N*



vaporization of the .components of the gasoline.

'Carburetor icing-is particularly pronounced on cold raw days,

or under condition--oýf--ra1n--or-f0og -(Fig. 151). The great-est stoppage

,L. -.of-engine dperation as a result of carburetor icing is observed at

100% relative humidity and at an ambient-air temperature of about 4.50

[16]. A temperature of 110 is somewhat too high for carburetor icing,

whereas at a temperature below 1.70, even in saturated air, there is

too little water in order to cause carburetor icing.

In the case of easily vaporizing fuels, the almost complete va-

porization of these fuels ceases in the carburetor, which is the.

reason why the carburetor cools off more drastically and carburetor

, ', icing occurs more frequently (25] and within a wider range of temper-

atures and relative air humidity.

Investigations have shown [13] that in all cases in which the

vaporization temperature of 10%-, 50%-, and 90%-distilled gasoline is

increased, carburetor icing diminishes. The greatest effect is pro-

duced by increasing the 10%-distilled temperature of a gasoline,

.."W. while the least influence is exertbedy .the_ vaporization tamperatvre

of a 90% gasoline.

The prevention of carburetor icing by means of raising the

vaporization temperature of 10% gasoline has not gained widespread

acceptance, since the starting properties of the gasoline are im-

paired in this case.

% Carburetor icing can be effectively countered by heating the com-

bustible mixture or the air in the intake manifold of the engine.

The mixture must be heated so that the temperature of the mixture

" ".. .*does not drop below +30 with total fuel vaporization, i.e., below that

temperature at which there is as yet no freezing of the moisture

"being condensed in the intake system of the engine, regardless o' .
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•of Fig. 151. Carburetor icing as a
In rfunction of air temperature and

(humidety. i) Number of stoppages
in engine operation; 2) 100%

best oerelativ 8 humidity; 3) air temper-
a cature, C.

efcieair humidity.

S- T If the intake manifold is heated, the fill factor for the cor-

bustion chamber is reduced as is engine power; therefore this means

" of combating carburetor icing can be employed only in certain limited

• • cases.

'530

"VIn recent times, special antiicing gasoline additives have gained

i widespread acceptance in the effort to control carburetor icing [27]

/,, (see Chapter 1)4).

,. In an examination of engine requirements with respect to frac-

i--'•tional composition of gasolines it has been demonstrated that the

-* best operating conditions are provided in each climatic zone, depend-

* <ing on the time of year, by using gasolines exhibiting optimum frac-

"• ~tional composition. During the winter the light gasolines are most

l• .•effective, whereas for summer operation heavier gasolines can be used.

•..• The suitability of gasolines of various fractional composition for

•.,.,•particular engines depends in great measure on the structural fea-

Q'.:> tures of the intake system of the engine.
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ANTIKNOCK PROPERTIES OF AUTOMOTIVE GASOLINES

The development of the automobile manufacturing industry is ac-

companied by an improvement in the operational characteristics ofSS'. ".

engines.

Increasing the compression ratio is one of the basic and most

important trends in the development ofautomotive engines. Through an

itIiAl15

Fig. 12 Eumfoofoenoc.t of F E ct -

the per-liter hore av g

2-." /i3I_

1) Fue cnupionII GA-3; )0Z- ;4

cosupton ) co-B)cmreso rto

e'i2oI.,o,oU 1mon,,u,L I-; -I -

-16"J - -~ -! 5• -o-- --

14. •' 6 7 8 9 10 45 -~ . .

aFig. 152. Effect of Fig. 153. Efrect of corn-

compression ratio on pression ratio in engine
inceas fuel consumption and on octane numbers of
in the per-liter horse- automotive gasolines.

power of the engine. Engines: i) ZIS-120; 2)i""1 ) Fuel consumption, GAZ-531; 3) GAZ-M20; 4)
- ' 1/10l0 kin; 2) p er-liter MZMA-0O3,; A) required

( orsepower; 3) fuel gasoline octane numbers;
hibiticonsumption; 4) conv- B) compression ratio.
com.:pression ratio.

)• increase in the compression ratio there is a simultaneous improvement

,'.'• in two other basic indicators as well - the per-liter horsepower out-

,. put of' the engine is increased and the gasoline consumption is reduced.

L• (Fig. 152). These indicators can be improved only if a gasoline ex-

" " : " hibit1n the appropr.iato anti•.rOook value ii u~sod, With inor'eaed

.::.: compression ratios for engines, the. requirements with respect to

antiknock stability of gasolines increases (Fig. 153). Consequently,

each automotive engine requires a-gasoline with definite antiknock
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properties, depending on the compression ratio and other structural

factors.

When using gasolines whose antiknock stability does not satisfy

engine requirements it becomes necessary to reduce the crank-angle

* lag. The reduction of the crank-angle lag below Its optimum value re-

duces engine power and impairs engine economy. As an illustration

let us examine the road knock rating of the "Moskvich-407" engine.

Figure 154 shows [283 the change in the dynamics of automobile

acceleration (in direct drive, the time required to accelerate from

S30 to 70 km/hr), the change in fuel economy (the consumption of fuel

per 100 km at a constant speed of 30 and 70 km/hr and in accelerating

the automobile from 30 to 70 km/hr) and the reqtiired octane numbers

of the gasoline (the angles of the initial ignition setting, causing

knock in operations with reference mixtures having various octane

numbers).

The antiknock properties of automotive gasolines are the most

important operational indices of gasoline quality. The expansion of

the automobile-making industry is accompanied by a constant rise in

engine requirements with respect to the antiknock stability of the

fuels being used.

One of the most important tasks of the Seven-Year Plan (1959-

1965) is the achievement of improved qualities of petroleum products,

including automotive gasolines.

Tho relationship between the production of automokive ,ol tn(!"

exhibiting various values for antiknock utability In rticeet yi.',::l

in the Soven-Yp•r Plan is presented in Table 106.

ALt.z'.1om tive gasoll-no'el are a complex mix1:r , ,. " , , .

)i ~~variou;; n:truc turez andal, t here fore , ti; h n~nc ... ,a r. ... ''

viduat '4,drocarbon fractions zmay differ from the anti'knock nnb I "y
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of a gasoline as a whole. Table 109

SAD 4 shows data on the antiknock properties

i.0 of 25% fractions of direct-distillation \.

70--UC [B-70] and thermal-cracking [A-70]

,3, 0/o 4 / - - .0 d gasolines.

- -,, - --. -o The head fractions of gasolines

4 0.--' exhibit the hignest octane numbers,

r and as the boiling point of the frac-
:::.!ia t . - - o P • J )""O 0a N 20,3cm 0 A2 qn~epemjf tions of these gasolines rises, the

S3~a.wuw,~u
(no kohenb44M•) antiknock stability of the gasolines

"Fig. 154. Road knock rating is reduced. In this connection, the
of "Moskvich-407" automo-
bile. 1) Impairment of lightening of the fractional compo-
automobile dynamics; 2) im.-
pairment of fuel economy of sition of direct-distillation and
automobile; 3) octane num-
bers; 4) required gasoline thermal-cracking gasolines will result
octane numbers; 5) initial
"cran.k-angle lag setting. in an inorease in the octane numbers

of these gasolines as a result of a drop in the end-of-boiling tem-

perature.

"TABLE 108

Production Figures for Automotive Gasolines in
the USSR (in %) (2, 21]

"1 Mapxa doenua .19W r. MO 1959 r. t9I0 r. OI5 r.

3 BE0uuuuu a CUIT&BU-
BuM •In"OM MOU0
08.... 45,5 2M, 27,0 204t &,0

47FiF production of A-7O gasoline was suspended
in 1962.
1ý Gasoline brankd; 2) A.-70*, A-721 and higher;
3 gasolines with octane numbers below 66; 4)
over 40.

For examnple, the thermal-cracking Moscow Petroleum R.finery -
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TABLE 109
Antiknock Values of 25% Fractions of A-70 and
B-70 Gasolines

21 2 fpe;toax 3 4 5 Onanosoo 'ueco
DT~IMIU IflT KonOfhQCT30 O 1001

5CU MN $pajnik a foloo I - -,-,
oc *pa/C,,.l4, IO-,- UoCCJ OAou-

8 -10cxojAnIA iO0 0,7439 '69,3 75,0
9 n. X.--90 25 0,6984 74.7 83AA-70 90--t1 25 0,7299 70,8 77,6i11--41 25 0,7587 65,8 72,014/--x. i, 25 0,8013 5" 65,0

.C'XOARUi 100 0,7396 70,8 72,0
"".X. -84 25 0,7090 75,8 78,0

G-70 84-95 25 0,7305 70,7 74
95-110 25 0,7455 68,6 72,0

itO- R.i. 25 0,7659 62,8 67,2

:) Gasolines; 2) boiling limits of fractions,
"C; 3) quantity of fractiors,%; 4) density,

g/cm3 ; 5) octane number; 6) motor method; 7)
research method; 8) initial; 9) start of

. boiling.

line (which boils over at 2050) has an octane number of 56.5; this

same gasoline, but boiling over at 1900, has an octane number of 59.4;

if it boils over at 1600, the octane number is 64.6.

"The octane numbers of the fractions in the catalytic gasolines,

as a rule, differ only 3lightly with respect to one another, and the

* reduction of the end-of-boiling temperature has virtually little in-

fluence on the antiknock stability of these gasolines. But some cata-

lytic-cracking gasolines, just like direct-distillation and thermal-

cracking gasolines, acquire greater antiknock values as the end-of-

boiling temperature is reduced.

To raise the antiknock stability o.0 commercial automotive gaso-

lines, high-octane components are sometimes added; we have reference

v "here to the following components: Isopentane, alkylate, benzene, tolu-

* ene, isooctane, etc. They generally do not exceed 10-20% of the gaso-

lines, since the addition of a greater quantity of some hydrocarbon
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i. , * would change other properties of the gasoline and, in particular,

the fractional composition of the gasoline.

Gas-refining products are frequently used in the production of

automotive gasolines; we have reference here, for example, to polymer

gasoline, the spent butane fraction, and the pentane-amylene fraction

"[29].

"The polymer gasoline is produced through the polymerization of

the propene-butene-pentene fraction. This gasoline has a boiling

"range from 40 to 2000 and an octane nuimber of around 85 without the

addition of TES [TEL]. The spent butane fraction, after the alkyla-

tion process, contains primarily n-butane. In the pure form, this

fraction has an octa4je_._n Qer._ofabout 95. The butane fraction has a

saturated-vapor pressure above 1600 mm Hg, and, therefore, the possi-

bilities of using this fraction as a high-octane component are

limited.

The pentane-amylene fraction is left over after the distillation

of the light cracking-gas fractions. This f1raction has a boiling range

from 25 to 110-1300 and has an octane number of about 70.

As certain components are added to the gasolines, the octane

"number' of the mixture formed as a result may differ subztantially

from the arithmetic mean between the octane numibers of the gasoline

and the component. Each component has its unique mixing characterls-

tic or, as this is generally called, a mixture octane number (see

"Chapter 4).

The most effective and economical method of increasing the anti-

knock otablitty of automotive *aeolnels is the aIdltion of antiknock

additives to these gasolines (see Chapter 15).

CHMiIICAL STABILITY O AUTOMOTIVE GASOLINES

".V", Prior to their utilization in an engine, automotive gasoline--
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TABLE 110

Effect of Tar Content in Fuel on Condition and
Operational Readiness of Automotive Engines [17]

1e ,3 D montiouti
2 npo6or amOmo.

C., OCK7Oa14110 AonflaToIzeS 6n10fl Ao uojteu -"" 0ocAo 50 lie. pa6oyM 13t3t uOevcnpauuo-

4 AO to 5 D BnYCXUOik CUCTo 1o R a ffoj IIJnApAx Co M , di

It-15 C•.'u6,o CaIeOM OT0O3• i i a xwanaliax 25000
16-2 I CTNlaY. -lofiYCXIlOA Tpy6M

W/--20 le oen.mtone 0or10o.gelilig Ila CTonRaX nuycI?- 18000
"nort TpyGU, iuaepU cropannn 11 i aananax21- 25 -10MOTIM0 OT.o r 0oM o11 D ya nax C11CTOMM 800 -

rlITaIIaIIa It Kaimpo cropailiin"9" --• 3'asm'OuwjnjjjlO o.'Io2ognf ia CT(31K01X { ( e602650

"1n11ycORoAi Tpy6M, Italtoli cropamiu l xaa-
nanax. Yxei.ou citte coQ'itUta vlyC ulmoxpyV6za zu 20-25•,

-- t20 0 noniim ue OTfaOmliOlilj. ua Ctiontax yanoa Il GOi 2. 00
C1ICjU•O rTeIRTAe. xamepa cropanuu a
W.'1nallx. RN4iunptz, A11•"aOp n APO-
coal. noplOq)4u ain Ufh O U0 con

1) Actual tar content, mg/lOO ml; 2) condition
of engine after 50 hours of operation; 3) possi-
ble mileage (in kM) prior to improper engine
"operation; 4) below 10; 5) no deposits in intake
"system and in cylinders; ) slight traces of
"deposits on valves and walls of Intake tube;
7) small deposits on walls of Intake tube,
combustion chamber, and valves; 8) noticeable

" ,: *deposits in feed-system units and combustion
chamber; 9) substantial deposits on walls of
intake tube, combustion chamber, and valves.
Cross section of intake tube reduced by units,•.
10) large deposits on walls of feed-system units,
combustion chamber, and valves. Carburetor Jets,
diffuser, and throttle covered with sticky tar;
11) unlimited; 12) not over 500=.

_7T must be transported and st(•red for a given period of time. During

this period the most uditAl tlyci-oearbw:s, on Coruing Ito contact
"*4 with the air, sonctmeir in !;he ca- of hdgh teaperatures, begin to

become *ubJect to chemical chaes i~u!tiwg i f tho Voratiaon of

heavy realnOuS s.bstances of complex.cpoWiticno

The ut I zation or gasol inec ha1n, a high tar content te~ults

S in a numer e" , e.•. .1e"" ""no phnomen a ociAted with the depoSMioA

of -he 1bance w~thin the engine.
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Such deposits are most intensively formed as the gasoline vapor-

izes in the intake manifold of the engine. The tar deposits on the

walls of the outlet manifold are polymerized through the action of

high temperatures and converted into a rough solid layer that is

difficult to remove. In the presence of such a layer, the effective

"cross section of the manifold is reduced and there is a corresponding

reduction in the filling of the engine's combustion chamber with

"combustible mixture. The deposition layer exhibits extremely low ther-

mal conductivity as a result of which the quantity of heat supplied

to the combustible mixture is reduced and the fuel-vaporization con-

ditions are impaired. All of this results in a reduction in engine

power and economy.

The formation of heavy deposits on the stems and heads of the

intake valves blocks normal valve seating, as a result of which the

so-called "sticking" of valves-takes-place. In this case, it becomes

impossible to generate any pressure in the combustion chambers, and

the engine ceases to function.

In actual automobile operations we have noted cases in which

so much tar was deposited In the intake manifold that its cross see-

tion was reduced by 70-80% [30]. Special static tests of new auto.

motive englnes have been carried out, and these engines were equipped

with the Intake ,manifolds from cars that had been driven for more

than 100 thousand kilometers. These tests demonstrated that engine

power is redueed by 50% as a result of heavy tar deposition in the

Intake manifold, that there is a substantial Impairment of the uni-

formity of mixture distribution through the cylinders, and that the

-CspIcifl gaso!.ne consumption is Increased (30]

When using a gasoline with an Increased tar content, we have

noted cases in which the engines are brougiit to a stop as a resu"
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the sticking of the intake valves, and we have reference here to

cars that had been driven for less than 16 thousand kilometers [31].

'-" The investigations of gasolines exhibiting various tar contents

* have shown that the possible distance covered by an automobile prior

to the occurrence of engine irregularities as a result of deposition

depends on the quantity of actual tars in the gasoline (Table 110).

TABLE 111
Elementary Composition of Tars in Gasoline
and of Deposits in Intake Manifold of
Engine [32]

caezeRv1 3 AfT9oM,

* -L 
4 Yriepoi............

I3OAOPOA 7N
flu1.eopoI...........A- T....................01 -•

. -N.Oiti ue yru x .x --

1) Elements; 2) tars. In gaaollne; % by
weight; 3) engine deposits, % by weJ h",
4) carboti; 5) hydrogen, 6) oxygen 7) sul

a.] fur; 8) nitrogen; 9)carbon-to-hydrogen
"*. ratio.

Cormelrcial gasolinea and their components differ in their ten-

. dency to form deposits In the intake sytte. The greatest quantity of*

depoaits is produced by therma -cracking gasollne, and the least is

p roduced by diivt-diatlllation gasoilre.

In connection with tWe dirupt•iur or norzal engine operatlon,

a-, aSC0iated With the Pori-atiw ot t•ar depositz, the Induatial spe,.L-

clcatlon3 for autmnotive Cazolinez. reict the content of actual

>catars (7 mi ml ror A-66 gasollne a/1 5 Oz• 00l for A-72 arnd A-76

" asollnea). These requirements apply at the point. of gaol1ne pro-
2-.:. duction , e., at ep 1eut re. 4 . After :r -lan and

stog-wi- of the gasollnes, the actual tar content tory be Irtivaisd a.;
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the points of utilization to 20 mg/100 ml for A-66 gasoline and to

O mg/I00 ml for A-72 and A-,76 gasolines.

,- Investigations of..the .elementary-composition of tars separated ,

from gasoline and of deposits removed from the intake manifold of an

engine (Table 111) show the apparent similarity between these products.

The process of hydrocarbon oxidation during gasoline storage and

transportation is spontaneous and initiated by the oxygen in the air.

The conversion of the primary oxidation products into tars has not

been thoroughly studied, and the mechanism of the reactions that

Stake place is not clear.

The presence of a certain induction period (lag) was noted in a

study of the kinetics of tar formation in gasolines. Initially, tar

formation proceeds slowly, then the speed of tar formation picks up,

and finally the process is very fast.

Depending on production techniques, automotive gasolines contain

hydrocarbons that differ from one another in terms of structure and

"capacity to enter into chemical. reactions, including those reactions

which result in the formation of tars.

It follows from a multiplicity of works on the oxidation of in-

dividual unsaturated hydrocarbons that the diolefi,4 ic hydrocarbons

with conjugate double bonds and the mono- and dlolefinic hydrocarbons

attached to the benzene ring are the least --able. The olefinic hydro-

carbons with a double bond at the end of the hydrocarbon chain lend

"themselves less easily to oxidatlon than the olefins with the double

-' bond In the middle of the chain. The cyclic olefins are more easily

oxidized than the olefins with an open chain. OlMarin with a branchod

skc"eton are more easily oxidized than similar hydrocarbons with a

straight chain. As the molecular weight of the olefins increases

they become mor,. stable to oxidation. Naphthenic hydrocarbons w i'..,
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double bond in the side chain oxidize in the same way as the corres-

ponding olefins.

The nonhydrocarbon impurities in gasolines exert a pronounced

effect on the tar-formation process,

Sulfur and sulfur compounds accelerate the tar-formation process

in gasolines. Elementary analysis will always show a larger quantity

of sulfur compounds in the tars separated from gasoline than there

was in the initial gasoline. Each of the sulfur compounds varies in

activity in the tar-formation process. Evidently, the mercaptans

exert the greatest effect on the formation of tars.

Of the oxygen compounds contained in gasolines, phenol-type

compounds are the most significant in the tar-formation process. These

compounds, sometimes refer.%ed to as "natural inhibitors," retard oxi-

"dation and the formation of tars in gasolines.

The chemical stability of commercial automotive gasolines is

both a function of the composition and-the structure of the hydro-

"carbon part, as well as of the quantity and nature of the nonhydro-

carbon admixtures.

Thermal-cracking gasolines from petroleum crude generally con-

tain substantial quantities of chemically active unsaturated hydro-

carbons and exhibit low chemical stability. The duration of the

induction period (lag) for the oxidation of thermal-cracking gasc-

lines accoxding to the GOST 4039-48 generally does not exceed 200-

250 minutes. Individual thermal-cracking gasoline specimens rich in

"natural Inhibitors" exhibit a lag of the order of 400-500 minutes.

Thermal-cracking gasoline from Ekhabi mazout contains approximately

0.25% phenols and exhibits an oxidation induction lag of 600-800

minute. (331]
Z.A. Sablin and A.A. Gureyev investigated the chemical stability

- -540 -

"' ~ ~ .k' " '"'~ .7 ~ r.- .•"".:-"""'.' :-'",-:-'%, -. -,,'-"',' ".,"-" :"""--." ." '"'.-



of thermal-(.racking gasolines derived tinder approximatelyuldenticcl'

process regimes from Nebit-Dag-petroleum mazouts and from a mixture

of Baku petroleums and Tuymazy petroleum (Table 112).

The cracking-gasoline from the Nebit-Dag petroleum exhibited the

greatest tendency to oxidation. Within 30 minutes of accelerated oxi-

dation the tar content in this gasoline exceeded 50 .mg/100 ml, whereas

tar formation in the cracking-gasolines from the Tuymazy and particu-

larly from the Baku petroleums proceeded substantially more slowly

under the identical conditions (Fig. 155).

• i• •It is of interest to point out that the

-keg total content of unsaturated hydrocarbons
A V 2

Sso (on the basis of the iodine number) in the

-0 investigated gasolines is virtually identi-

.- ,_cal (see Table 112) and, consequently, the

-. -great tendency of the gasoline from the

' / -4, i ,Nebit-Dag petroleum to oxidize cannot be ex-

- plained by its increased degree of unsatura-.,-.,
Be, ton in comparison, for example, with the

.- - gasoline from the Baku petroleums, but

- • - rather by the various contents of easily oxi-

"Pt 0 , dized diolefinic hydrocarbons and natural in-
S •C 8pi*ea Oc4 W hibitors in these products. We can see from

Fig. 155. Chemical
stability of various the data in Table 112 that the greatest

• -'.:cr'acklng-distil1lares.'""cI) F -oisBkuapetso quantity of diolefinic hydrocarbons (see the
1) Prom~ Baku potro-

maz pets)roleum; T3- maleic number) is contained in the gasoline
from Nebit-Dag p
" o.m A bopfrom the Nebit-Dag petroleum and that therer..',,troleum; A) abeorp-

•.:.tion of oxygen, ml;"." Bactuon ofoxye, ,/ are virtually no natural antioxidants'of the
B3),actual tar's, pig/"'1.I0 -1i; C) time of
"")�/) ephenol type [4.] The quantity oe dioleflnic
oxidution, hours.

"hydrocarbons is smaller -by a ractor of tw-, .
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TABLE 112

Chemical Composition and Stability of Thermal-
Cracking Gasolines from Various Petroleums

2xiapavrepuCTIMA 3 1rOuaaai•i I.mz•eRI-3to
Xu0it11aecloro COcMaM ClaIt.hlbom

"" 10 |a ulO6uTJarcX40fl ue•Tn 48 7,7 TCyT-', 50 20 20
".11 ti3c€•ecxi Gahnfl~nz -e•'rofl 48 4,3 l 0,068 190 95 185

48- 4,7 0 145 5 6 130

-- he maleic number characterizes the quantityof diolefinic hydrocarbons with conjugate double
bonds.

1 * Natural inhibitors determined in conventional

r units [34].
•** Quantities calculated according to kinetic
"oxygen-absorption and tar-formation curves during
gasoline oxidation in sealed capsules.

1) Origin of gasoline based on crude employed for
cracking; 2) chemical-composition characteristics;
3) chemical-stability indicators; 4) unsaturated
hydrocarbons, % by weight; 5) maleic number*, g

. iodine/lO0 g; 6) natural-inhibitor content, % of
trioxybenzene**; 7) oxidation lag according to
GOST% minutes; 8) oxidation lag (in sealed cap-
sules), minutes***; 9) period of resistance to
tar formation minutes***; 10) from Nebit-Dag
petroleum; lli from a mixture of Baku petroleums;
"12) from Tuymazy petroleum; 13) absent.

in the Baku gasoline and contains a substantial quantity of phenol

antioxidants.

Catalytic-cracking and particularly catalytic-reforming gasolines
-..

exhibit higher chemical stability than do thermal-cracking gasolines.

The duration of the induction period for the oxidation of a gaso-

line produced by single-stage catalytic cracking of gas-oil fractions

ranges from 800 to 1200 minutes.

If a rather heavy crude is employed for the cracking, the chemi-

cal stability of the gasoline is reduced. In the case of the catalytic
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'...1 cracking of mazout under severe conditions, a low-stability gasoline

is formed, and this:product exhibits an induction period' of less

than 60 minutes. A gasoline of this type cannot serve as a component ('9.

for automotive gasoline and it is enriched by purification.

Catalytic-reforming gasolines contain negligible quantities of

unsaturated hydrocarbons and exhibit an oxidation lag in excess of

1000 minutes. In terms of stability such gasolines are virtually

equivalent to direct-distillation gasolines.

Consequently, the chemical stability of commercial automotive

gasolines is a function of the properties and quantity of components

in the composition [of these gasolines]. To increase the chemical

stability, petroleum refineries add special antioxidant additives

(see Chapter 17) to the gasolines. At the present time the narrow

fractions of wood tar (wood-tar antioxidant) are used to stabilize

"" automotive gasolines, as are phenols from the tar waters of coal

semicoking (antioxidant FCh-16), and the synthetic antioxidant -

* *:" n-oxydiphenylamine.

Under the actual conditions prevailing in the storage of auto-

motive gasolines, the chemical stability of the latter may differ

from the stability determined by oxidation in the bomb. The duration

"of gasoline storage lepends in great measure on the storage condi-

tions. By storage conditions we mean primarily such factors as the

storage temperature, the presence of nonferrous metals (in contact

with the gasoline), the presence of water, the fill factor, the

number of times the gasoline is pumped, etc.

With an increase in the gasoline-storage temperature by 100, the.

tar-formation process Is accelerated by a factor of approximately

two. The permissible gasoline storage times under the conditions pre-

Svallng in the southern climatic zone are always lower than inl

* ~ ~ * .*% ~ *s~ ~ *f~* %A ~ .
4
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central and northern zones.

Nonferrous metals act as catalysts in the oxidation of the gaso-

lirnies. In the presence of such metals, the oxidation of the hydro-

carbons in the gasoline and tar formation are substantially accelerat-

ed. For example, when gasolines are stored in automobile fuel tanks

(where the gasoline comes into contact with a brass pickup tube and

a brass filter screen) tar formation takes place much more rapidly

than in drums of equal capacity, but not made of nonferrous metal.

The type of internal fuel-tank coating has a substantial effect on

the rate of tar formation in gasolines (Table 113).

TABLE 113
"Effect of Inner Tank Coating on Tar For-
mation in A-72 Gasoline During Storage

XapaGTOp 1yT en2 11 t&)OCl Caun

n,.,I" 9 Mecn1l 14,?MecxnI

6 GaK ocOuionauuufl ua 130 A 4 8 33
4 to 317 am Ga~eaTulponauumAf uaPt0 J, 4 80 17
4 8 is

8 Dam GaoejTupoaanumbf iteE0 A,4
4 6 I.

1) Type of inner tank coating; 2) content
of actual tars (in mg/l00 ml) during
storage; 3) initial; 4) 9 months; 5) 14.5
mo•-.hs; 6) lead lined 150 liter tank; 7)
"bakelited 150 liter tank; 8) bakelited
60 liter tank.

A lead coating on the Inside surface of a tank causes acceler-

ated tar forviatl'on during gasoline storage.

Tar water, which accelerates tar formation (Table 114), at times

"accumulates in gasoline storage tanks.

The fr•ee access of the oxygen from the aizr to the surface of

the gasoline enhances accelerated tar formation during storage. In

this condlo, a i'uei contained in a hervetleally sealed tank
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TABLE 114
". ...2 Effect of Water on Tar-Formation Process in

Gasoline

C.Iopxanno aRNf•MoCHUX CMO2I
Yaoaa 1p 2 (( A.eI100 .4•A) rpip xpaueqnu

4 
3 OSU6SIAI. 11CMA MOCRIX 3 U6CRIa {6 MOAI11O

"1n33.R 60 BOA .. 4" 6 8
c0 22

1) Storage conditions; 2) content of actual
tars (in mg/100 ml) during storage; 3) initial;

1)r1 month; 5) 3 months; 6) 6 months; 7) gaso-
line without water; 8) gasoline with water
cushion.

TABLE 115
Effect of Hermetic Sealing of Car Tank on Pro-
cess of Tar-Formation in Gasoline

1 (a ./t4100 ... ,) npn xpateunis
Yeaom, Zpaucmim

UCXOA- 2 )tOen- ueCR- 4 5 xecx-

8TonwusmWA Gai am•oho~man3110M50 c OGa'tuoAi npoG•_o 2 4 8 21 289
9;Ton.mnuIWA 6eM anTOMOoGUon

3fiC-154 C repueTn~uofl uipo6-
. . .. 2 .4..... 2 4 4 16

".1) Storage conditions;-2) content of actual
tars (in mg/100 ml) during storage; 3) initial;
4) 1 month; 5) 2 months; 6) 3 months; 7) 4.5
months; 8) fuel tank of ZIS-150 automobile,
with standard cap; 9) fuel tank for ZIS-150

* .[i- automobile, with hermetic-sealing cap.

oxidizes more slowly (Table 115).

When gasoline is stored in an incomp-letely filled volume, a

greater surface of the fuel comes into contact with the air per unit

fuel weight and.thus the oxygen has freer access to the gasoline and

the formation of tars 18 speeded up (Table 116).

With frequent pumping, the gasoline becomes saturated with the

oxygen from the air and rapidly oxidizes, thus formIln tara.

Consequently, if proper conditions are provided the o'_ s.
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TABLE 116
Effect of Fill Factor on Intensity of Tar Forma-
"tion in Gasoline

1 .,.2 Coi~ojranrno $•axuiecxu c~oa

2 ..ow/|O0 . pa zpanesuu

UCXOA- 3S uos- 6 X=en 10xeI e
,. _ _ _ __em ___, _nonnennofi na NO% 48 t-

B emc Ioi, 3aanouon-oA -a 25% • . 4 12 8 79

1) Storage conditions; 2) content of actual tars
(in mg/100 ml) during storage; 3) initial; 4) 3
months; 5) 6 months; 6) 10 months; 7) in 100%
filled tank; 8) in 25% filled tank.

storage time for automotive gasolines can be substantially increased

and better grades of fuel are made available for use in engines.

CORROSION AGGRESSIVENESS OF AUTOMOTIVE GASOLINES

The hydrocarbons contained in the composition of a fuel exert

. no corrosive effect on the metals with which the gasolines come into

contact during storage, transportation, or use in engines. The

corrosive aggressiveness of gasolines is caused by the nonhydrocarbon

,. admixtures present and primarily by the sulfur and oxygen-bearing

Scompounds as well as by water-soluble acids and alkalis.

* .,The water-soluble acids and alkalis are chance gasoline impuri-

ties. Of this group of corrosive agents, the presence of the alkali

"NaOH is most frequently detected. Present-day techniques for the

production of automotive-gasoline components call for the flushing of

these components with an 8-12% alkali solution. After alkalization,

the gasolines are flushed with water; if inadequately flushed, traces

-. of alkali may remain within the gasolines.

The presence of sulfurlc-acid traces in gasolines is virtually

excluded, since sulfuric-acid purification or gasoline dista.lates is

• -. not employvd In our refineries.

Water-joiuble acids and alkalis ýiay enter the gasoline If the
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tanks, the fuel lines, etc., have

-. '.300 .. - not been sufficiently cleaned. This

-Z 209 - ... results in the intense corrosion of ..

$t0o zLo - the metals and the presence of these

. 0�s0 0,1 02.S 02 o03S acids and alkalis in automotive
W#p~cmu co&feupe$

gasolines is therefore intolerable.
2Fig. 156. Effect of quantity

of sulfur compounds in gaso- Oxygen-bearing compounds, un-
line on cylinder-housing wear

* in the zone of maximum wear.
1)n thezousingomi wear,.2)ufr like the water-soluble acids and1) Housing wear, %; 2) sulfur

compound alkalis, are always present in some

quantity in gasolines. These may come into a gasoline from the petrole-

um or the distillates during the refining process in the form of

"narhthenic acids. Moreover, these compounds are formed during the

oxidation of the more unstable hydrocarbons of the gasoline during

storage and transportation. Among the hydrocarbon-oxidation products

the peroxide compounds and acids exhibit the most corrosive proper-

ties. The corrosion of metals by peroxide compounds has not been

"- - thoroughly studied.

02 -- -- Organic acids which form in the

.. I_ ox.dation of the hydrocarbons are

more powerful agents than'those acids
"Ii /-ji Jwhich come into the gasoline during

4 I-• AU the refining processes. They do not

i.5,e oqai affect aluminum, have little effectr. ig. 157. Effect or quantity
""'of sulfur compounds in gaso-t. sulnurocoapoundrese in the~ on steel and cast iron, but they

line on an increase In the
seal clearance of t7he first, compression piston ring. 1) corrode nonferrous metals, primarily

,, Increase In clearance,. %; lo n io
2) asulrur' cOmpOUds, •. ce

The removal of acidic oxygen-

bearing compounds from the gasolines ls an ext.emely complex under-

.. *.-"taking; therefore, In view of their relatively weak corrosive - -
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a certain quantity of organic acids is permitted in gasolines.

Sulfur compounds in gasolines, from the standpoint of their

corrosive aggressiveness, are divided into active (elementary sulfur,

hydrogen sulfide, and the mercaptans) and the inactive (sulfides, di-

sulfides, polysulfides, thiophanes, thiophenes, etc.) (see Chapter
* 9)

The active sulfur compounds are extremely powerful corroding

* -agents and, therefore, their presence in commercial automotive gaso-

lines is intolerable. To remove the active sulfur compounds, petrole-

um refineries employ the practice of flushing the gasoline distillates

with an alkali solution. This means that the elementary sulfur and

the hydrogen sulfide are completely removed from the fuel, and the

mercaptans are only partially removed.

The extent to which these active sulfur compounds have been re-

"moved is checked by running a test on a copper plate. The contention

here is that if the gasoline passes the copper-plate test, it will

not corrode the metals that come into contact with the gasoline under

conditions of storage and utilization.

The inactive sulfur compoun&d that are present In automotive

gasolines cause virtually no corrosion of the metals of which the

tanks, manifolds, and component parts of the fuel system of an

~ .. engine are made.

The division of the sulPur compounds in ga ollnes into active

"and Inactive categories 1: vaill only for the perioda of storage and

O- t•'ansportaiAon. Durlng the process of the combuation of the fuel-

*:air mixture all sulfur Oompouýdý' 4 fo- producta that are extremely

corrosive: 4ulfuroua anhydride So0 and sulfuric anhydride SO. It

,aa been eatabll~hc• exeriwment ally that with an Licrease in the

quantity of" sulfur cornpounds in a gasoline the.e is an Increase in
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the wear of engine component parts that can be attributed to corro-

sion [9].

Figures "156 and 157 show changes in the extent of cylinder-

housing wear in the zone of maximum wear and the inc.,'ease of the

clearance in the seal of the first compression piston ring as a

function of the sulfur content in the gasoline [8]. The resultant

data indicate that even small quantities of sulfur compounds produce

a pronounced increase in the corrosive wear of the component parts.

The relationship between SO2 and SO3 in the products of combus-

tion has a substantial effect on the corrosJon of engine component

parts. This relationship is not constant and depends on many factors.

If in the presence of S02 the wear of the rings increases by a fac-

tor of 4, the 30 introduced into the engine in a quantity equal to
-" 3

"1/3 of the SO2 will increase ring wear by a factor of 40 (24•.

Corrosive wear of engine component

5 ,-parts when sulfur-containing automotive

V' - gasolines ar'e used brings about a re-

- duction in the power and economy indi-f cators of the car. Figure 153 shows

Z ,the change in power and economy of an

automotive engine after 220 hours of

operation on a gasoline with various

Fig. 158. Effect of quan- sulfur contents. In operations on a low-
tity of sulfur compounds
In gasoline on power and sulfur gasoline the power and economy
economy of engine after
2O hoars of operation, of the engine increase slightly after
11i Power; 2) specificPonsump,.•2 cc20 hours (by 4.5%). The power of the

oonsu-IiAon according' to
external characteristics;

SA)• power and economy,_%; engines operating on gaoolines contain-
B ulrur compounds, 6.

rig 0.1%, 0.2%, and 0.357% of ztpý.v

f-oll, respectively, 3%, 7.5% and 14.5% and exhibited a proouncm v ;-
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reduction in engine economy [8]. When the engines were dismantled it

was no'ed that the tightaiess of the valve fit had been disrupted

through spot corrosion 3f the bevels and seats of the valves. An in-

crease in the flowthrougb section of the carburetor jets, attrlbu-

table to corrosion, wrs also noted, and this resulted in an Increase

in the output oIf the jets, thus disrupting the normal regulation of

the engine fuel systems.

The circumstances noted above are associated with the utiliza-

tion of sulfur auioxtotive gasolines and make it necessary to maintain

_*' strict controls on the content of sulfur compounds in gasolines.

AUTOMOTIVE M4.¶MTTNES ABROAD

The physicochemi.cal and operational properties of automotive

gasolines, produced in any countrj, are functions of the over-all

'. level of development in the petroleum-reftning industry of that

TABLE 117
Compression Ratio in American and

'- European Engines

_______________ r m aata aunnme-id

I~~~~~~a CtauI&jt1Ir t~e~

............... ............-. ..... j !A j, |t i h{)-: 5-¢n ............... ! "

I) counatrle4: 2) engin'ý c'xflnw'Ž4ton
3) •.rea, a*.,,* 4. If.,,e• a~.. ,- ,-•.

ral;Ioa;93) Palý,; %O) ,-- aav,:"' ge; i USA';-. 7" Gea n r a•i•, e,,

aon an .4d tistondto o! ti*e aut~o ottive I;:0 i:?NAl 0aoea
The automotvie pool or the USA I ut aubstantially dIfterent frow

the akatLotlve pool of &wopean countrles.

The avralsC Power produced t4Y merican autc&*ki•.ive enqlvnes in
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1958 was 2599 hp and the displacement exceeded 4.0 liters. More than-.

80% of~ all American engines are 4-cycle water-cooled V-8 engines.

As a rule, European automotive engines are less highly tuned -,~

ahd therefore last longer. Their displacement doen not exceed 1.5

liters. Basically European cars employ water- (sometiviec air-)

cooled in-line 4.-cylinder 4-stroke enginea.

.4.All countries are constantly increasing the -.ompression ratios

ofthe automotive engines they produce. Table 117 shows data oa

compression ratios in standard 1958 automotive erigines. It is assumied

that by 1962 the viaxiimum compression ratio In standerd automotive

engines produced in Uestern Europe will be 9.3, and 11.? In the USA.

Pa~ssenger automobiles in the USA "and Europe usc gasoline engines;

only 3% of' the automobiles in West Germany operate on diesel fuel,

and 5% of the automobiles in Italy operate with gas-driven engines.

Among the European automobiles, those exhibit~ing the greatest

fuel economy are in the greatest demand and this is explained by

the re'iatively high cost of gasoline In European countries.

Low-displacement European automobiles provide fort lower Nuell

consumption per 100 km than do American cars, although in term, of

specific consumption per kilom-eter-ton they are almost the same

(Table 118).

Individual companies, following their own technical speclifica-

tions, produce automwotive gasolines In thoi capitalist count~ries. As

a rule, national standards &Vor automotive gasollntis do not ex!Wt.

The automotive gasolines produced by varios (companies In the

USA exhibit a wide ran&* of octane numlbera * A.ll. -,aolnes are con-

v v-ntioaa~lly divided Into two bas-io grades - pirenium a.nd raguiav. Týhis

cl~asification of' gasolrires, Is becomit% more common In Europe.

The aver'azge -octane number of' regulasr USA gasoline in 196-0

-5571-



.Nt
V...

TABLE 118
Gasoline Consumption in American
and European Automobiles [6]

S""cx1pcwo, numiwnnm. 80 ail.I.
LJAd Capauu - ' ons p

v2

Cf3 A/Wia 4oo w PDMi................... i nn.

0m I
cmA . . MOU"6A~rnni. . : I U, 81.6

"")pans... 7,43
93mananms Fop- I
9 n3,uaunme.

1) Country; 2) average gasoline
consumption at a speed of 80
km/hr; 3) 1/100 kim; 4) 1/100 t
kim; 5) USAT 6) Great BrTtaln; 7)
France; 8) Italy; 9) West Germany.

TABLE 119
Quality of Automotive Gasolines and Needs ofAutomotive Pools in a Number of CountrIes (Ac-
cording to Data for the Year 1958) [6]

I3 5

inouasanepa a'wen no

183 -is is to 9
so%..............8 84 82I wt 83
73%..............93 OD 87 64

3Cpoxlao OKTCUtflIJ Mumtno GM408tO6lOfl

9pry:pttua Goie.................'s 2 a. s s

10pUpe"~U"..%aa 33u.... .. .. .. . . .0 1 X- - -

............... ... 41
Ip~l~.&M . 05 % OS

,t'-~~~ ~ ..-' ... ;•= .=f . . .-. ... so

4-. -1' Indieatoaru; 2) USA; 3) Great Brita1; 4) FPrance;
"It•iy; 6) Wet Germany; 7) re:marh-metho1

octane rwunhtrs requilrd for automotlvq pool; Wj
Save•e r&e~arch-mathod octane numbers; 0,) regular
gaoii-,e; 10) premium 1asi21ine; 11) superpivtitn

- •agoline; 12) % of automotive pool aatiorted with
4%,[ the Coliowitg ~~thewe ; I3) reg4iar; 14) prenium;

"Q 15) superp=eM•5.
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about 85 units by the motor method and about 93 units by the research

method. Prem.um gasolifne had an octane number of 90 and 100 units,

respectively.

To determine the relationship between the requirements of auto-

--motive engines in terms of gasoline quality and the actual quality

"V of the gasoline both the USA and Europe regularly conduct extensive

tests on stock models of automobiles in operation. Table 119 shows

the actual quality of commercial gasolines and the requirements of

the automotive pools in the USA and Europe with respect to antiknock

properties of fuels, evaluated in terms of octane numbers determined

against primary reference fueli.

The automotive gasolines in the USA differ from the commercial

gasolines in our country p2imarily in tern antiknock properties.

The high antiknock values of USA gasolines are attained bv the

utilization of products of catalytic processes in the couiposition of

_ * oimnercial fuels and the mandatory -introduction of ethyl fluid.

The utilizationof ethylated automotive gasolines abroad is per-

mitted in all cities. The permissible TES [TEL] content in the auto-

i - motive gasolines of the USA and the countries of Europe (Table 120)

. is substantially higher than in the USSR.

In r'ecernt years certain American companies have started the

production of so-c.-lled supergasolines having octane numbers above

100 uni1-• (by tne research method).

* The production of gasolines with high antiknock values in the

USA required substantial investigation Ir order to determine the

I . economic fe~ucibility of raising the compression ratios of automotive

engines in connection with t'ie expenditures involved in the produc-

tion of high-octane gasolines.

Formei.!y an increase in octane numbers for automotive gasol.it_

- 553-



TABLE 120
Permissible and~ Actual Tetraethyllead Content
in Euro ean and American Automotive Gasolines
(g TES/kg)

Iroll~a 3 ef JIB

10 Oipam .0 ol1WII

CU8 C1IA .............. ...... 1,79 1,56 1,79 1,24
"9 t ,rai. . ..... . . . . . . .. ... 1,79 0.77 1,79 0,84

. .'~ ... . . . ........ 1,13 0,54 1,13 0,84
... . ".., . .. ... . 1,38 1,38 1,13 1,08k. 12 anauiaa iepmiaw " .. ..... ., .59 1A 1.13

1) Country; 2) premium gasoline; 3) regular gas-
line; 4) permissibe content; 5) average actual

content; 6) permissible content; 7) average ac-
tual content; 8) USA; 9)'Great Britain; 10)
Frcance; 11) Italy; 12) West Germany,

in the USA was attained by using indu;3trial processes which raised

.he yield of gasoline from petroleum (for example, cracking processes),

and therefore the cost of gasoline wafý increased only slightly.

To increase the octane numbers of contemporary automotive gaso-
"4..

"lines special processes are needed (isomerization, sharp rectifica-

tion, etc.), whose application Involves an increase in the cost of

gasolines. The utilization of higher-octane gasolines in automotive

engines must yield an economic effect which would Justify the price

rise in the gasoline.

The calculations and investigations that have been carried out

showed that minimum fuel expenditures are attained with existing

gasol-ne-production techniques with a fuel octane number of 98.5.

This is an average for all petroleum refineries in the USA and will

* inot vary from refinery to refinery by more than 1 unit. With the in-

crease in tle octane number from 94 units (the 1958 level) to 98.5

units, approximately 0.5 liters of gasoline or more than 3 cents

were economized per each 100 km that a single car was driven. The

, ,554

" '" 4.,



TABLE 121

Average Fractional Composition of Premium Auto-
motive Gasolines in Europe and the USA (for
Analogous Climate Zones)

5 r:)anOA-
1 lonaauama I 2CMA Auran IDPAn- fARaau Hai rep

7 (PARTMonIMA Co epero--•': anlqex spu TeunepaType). "C:

8 H. X ....... . .... 33 32 36 34 36
40% .4...... . 4 54 54 5t

50% ...... .. . ... 99 99 99 93 93.90% ..... ........... 163 166 157 154 A15
9 RX. . .......... 202 199. 188 182 193

10 Aaazae,11o, 'acueouuux napol,
w pT-CT . . . .. ......... 520 465 494 465 442

•1) Indicators; 2) USA; 3) Great Britain; 4)
France; 5) Italy; 6) West Germany; 7) frac-
tional composition (distilled at the follow-
ing temperature), 0C; 8) start of boiling; 9)
end of boiling; 10) saturated-vapor pressure,
mm Hg.

"" economy resulting from the increase in the engine compression ratio

- and the increase of the octane number to 98.5 amounts annually to

more than 2 million tons of gasoline, or approximately a quarter of

a billion dollars, for the ent!:. automotive pool of the USA (263.

Economic calculations of this type are an aid in the selection

of compress~ion ratios for new automotive-engine designs and in the

determination of the required antiknock values of the automotive

"gasolines being produced. However, the car-manufacturing companies

of the capitalist countries do not always base their decisions as

to the production of particular cars on calculations of the economic

"feasibility of production or on such considerations as the conserva-

tion of the national fuel reserve. Fierce competition, the race for

"the latest "fashion," advertising considerations, and other factors

frequently force car-manufacturing companies in the USA to produce

engines that admittedly develop excessive power, operate at a

"superhigh" compression ratio, etc. Cars with such engines are rno!
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"marked by their economy of operation and long life.

Now let us say several words about other physicochemical proper-

"ties of foreign gasolines. The automotive gasolines of the USA and

Europe are quite similar to one another in terms of fractional com-

position (Table 121).

We can see from Table 121 that the American and European gaso-

lines contain a large-quantity of light fractions, and this imparts

"good starting properties to these gasolines.

The automotive gasolines of the USA differ in terms of fraction-

al composition on the basis of the climatic zones and time of year in

which they are used. According to one of the most commonly used

specifications for automotive gasolines issued by the American Society

for Testing Materials (ASTM), the entire territory of the USA is

divided into three climatic belts. Provision is made for the produc-

tion of a gasoline of specific fractional composition for each cli-

matic belt..-Moreover, in each climatic zone, depending on the time

of year, gasolines of the corresponding fractional composition are

produced.

The chemical stability of American automotive gasolines at the

present time is not standardized, since the highly effective syn-

thetic antioxidant additives that are in use provide for high chemi-

cal stability on the part of the commercial gasolines.

The permissible content of sulfur compounds in American gaso-

lines is quite high - up to 0.25%. The utilization of anticorrosion

additives makes it possible to avoid increased enginr wear when

using gasolines that contain sulfur.

"To improve the operational characteristics of gasclines, wide-

spread use is made in the USA of antiscaling, antiicing, and certain

similar additives (see Chapter 14).
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Certain of the countries that do not have adequate petroleum re-

serves produce automotive gasolines from coal, gases, etc. A series

of auxiliary requirements (on the basis of certain indicators) is

generally imposed on such gasolines. For gasolines produced from coal,

for example., the requirements are based on low-temperature properties.
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Chapter 18

DIESEL FUELS

Different types of fuels are used in accordance with the speed at

which the engine runs. High-speed diesels use kerosene-,, gas-oil-, and

solar fractions produced by direct distillation of petroleum, while

" slow diesels use heavier distillates, as well as the residual fractions

of direct petroleum distillation or thermal cracking. More recently,

kerosene- and gas-oil fractions obtained by catalytic and thermal cra-

cking of petroleum products have come into use as diesel fuels for high-

speed diesels.

In a diesel engine, the fuel is injected directly into the cylin-

der, where it self-ignites without any outside ignition source, under

the influence of the high temperature and pressure of the air compressed

in the cylinder. The fuel-air mixture of a diesel engine is prepared

di ectly in its cylinder, to which the fuel if fed in liquid form.

For normal combustion of fuel in the engine, it is necessary,

firstly, that it have time for complete evaporation in the cylinder and,

secondly, that the proportions of fuel and air be as uniform as possible

over the entire volume of the cylinder. These two conditions are deter-

* b.mined by both the perfection of the injection apparatus and the design

of the engine's combustion chamber, as well as by the properties of the

diesel fuel (fractional composition, viscosity, density, and so forth).

The high temperatures and pressures in the cylinder of the diesel

engine that are required for self-ignition of the fuel are attained by

use of a higli compression ratio (as high as 17-20).
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. The injection apparatus insures extremely fine atomization of the

'.....uel in theengine's cylinder. The special nozzles used for this pur-

7.-. pose have holes of extremely small diameter (0.15 - 0.2 mm) and inject
b the fuel at very high pressures (up to 1500 kg/m 2 ). This pressure is

* .* created and the fuel supply to the nozzle is regulated by the fuel pump.

The slightest occlusion of the nozzle openings on the inside by mechan-

ical impurities originating from the fuel, or from the outside by scale

formed on combustion of low-grade fuels is sharply detrimental to fuel

atomization or cuts off the fuel supply entirely.

To protect the nozzles from plugging of their holes by mechanical

a.. .. impurities, coarse and fine filters are installed in the fuel system of

any diesel engine. A schematic diagram of the fuel system of the NATI
KD-35 diesel is shown in Fig. 159.

To ensure normal performance of' the injection apparatus, it is

necessary that the fuel arrive continuously at the pump, i.e., that it

not clog the fuel-system pipe lines; this is a function of the proper-

.... ties of the fuel.

"At the present time, there are a number of diesel-engine modifica-

tions that differ from one another in combustion-chamber design and in

having different mixing efficiencies. The basic types of engines are

the antechamber types, in which the fuel is injected not into the mai.n

-U chamber, but into an antechamber provided specifically for this purpose;

single-chamber engines, with direct injection of the fuel into the cham-

ber, and engines with swirl chambers in which special vortical air flows

are set up with direct injection of the fuel.

Eao•h type of chamber has its advantages and disadvantages. The best

as regards mixing efficiency and the stress placed on the connecting-

rod and crank mechanism are the antechamber diesels, and the worst frou .

this standpoint are the 3ingle-chamber types. However, the Zintle-ch..!- -

- 561 -

S:-,.. .. .. ,. .. ...-.... . .. .. . . . . . . . ...... ~........*. : .. . . . .. . . -..- .,. . .. .



A "
40

Fig. 159. Schematic diagram of fuel supply
to NATI KD-35 diesel. l) Fuel tank; 2) boos-
"ter pump; 3 fuel pump; 4) coarse filter; 5)
"fine filter; 6) line; 7) nozzle;8) excess-
fuel line.

ber engines are superior as regards economy' and ease of starting to the

swirl-chamber types and especially to the antechamber types.

During recent years, multifuel diesel engines capable of operating

on fuels of any fractional and chemical composition ranging from the

gasolines to the residual fuels have come into use.

eh The operating conditions of high-speed diesel engines are not con-

stant. As a rule, low-zpeed stationary engines operate under a rieor-

"ously defined set of conditions.

.7, Consistent with the variable operating conditions of high-speed

diesels, their conditions of evaporation, mixing and combustion of the

fuels also vary. Consequently, high-speed diesels have very high de-

mands as regards the quality of the fuels that %hey use.

SPECIFICATIONS SET FORTH FOR DIESEL FIJELS

"On the basis of the conditions under which the t'uei is used in the

diesel engine, as well as the conditions of shipping and storage, the

following specifications are imposed for a diesel fuel.
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1. A diesel fuel must be stable in storage, i.e., it must not

undergo any changes in properties during prolonged storage.

2. A diesel fuel must not form deposits in the machine's tank or

on the coarse and fine filters, and must also cortain no abrasive par-

ticles (mechanical impurities).

3. The supply of fuel through the fuel system must be absolutely

reliable; hence, a diesel fuel must possess a low initial-crystalliza-

tion temperature and a low pour point and a definite viscosity.

- 4. A diesel fuel must not corrode the reservoir, machine tanks and

fuel system nor cause any other attrition of the latter.

5. A diesel fuel must not form tar or varnish deposits on the

atomizer needles of the nozzles and gum them up.

6. In the injection of the fuel into the engine's cylinder, its

atomization must be as thorough as possible and the range of the spray

rigidly defined; this is ensured not only by the design sophistication

of the fuel apparatus and a certain injection pressure, but also by a

* certain combination of fuel viscosity with surface tension and density.
7. A diesel fuel must have a short self-ignAon lag or a hiAh

cetane number.

e8. A diesel fuel muot not form scale on the nozzles or in the corn-

bustion chamber; nor may it cause sticking of the valves Ow bning of

the piston rings.

9. The combustion produets must not corrode the various engine

"components and, and if they enter the crankcase, muut not react, with

the oil to form products that are detrimental to the latter' s quality.

In order to satisfy the requirements listed above, a diesel fuel

must possess a certain combination of physicochemical pro'gerties. Re-

search into. the influence exerted by diesel-fuel quality on the opera- -

tion of high-speed diesels has ectablished optimum values for the ph.y-
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sicochemical properties of a fuel that satisfy the above requirements.

It should be noted that with the appearance of new, more highly stres-

sed engines, the specific values of the physicochemical properties of

the fuel uneergo changes, and specific quality indicators are dropped

<. in favor of new ones.

PROPERTIES OF FUEL THAT ENSURE TROUBLE-FMRE PERFORMANCE OF FUEZ SYSTEM

Trouble-free operation of a diesel engLie's fuel apparatus Is de-

termined by the purely physical quality indices of the fuel, its chemi-

cal composition, and by the presence of water and mechanical impurities

in the fuel.

The physical indices of fuel quality,

- which determine the performance of the
qW.

.r I •fuel apparatus,- include viscosity, densi-

- - -ty and surface tension.fViscosity is an extremely important

- 0 • is operational index to diesel-fuel quality.

At a. given temperature, it deteriines the
wis. 160. Relationships
between 160 l vaisoonshipr fluidity and ease cf transport of the fuelbetween fuel visco:ýity and
quantity of fuel seep ing
qathiouthye n fuell. to the nozzle. 1kel viscosity influences•'.1) Seep-age losses., &i•ho,.tr;.".2) S, ost. the dAlivery coefficient of the pump and

* 2)U, est.
"fuel !eaie .hroug the gaps in the

plunger pairs, a well as the -,oot fless with which multi-plu.er

"pumps eperate. Tha lower the viscosity of the fuel, the imore of it will

seep through bettween the pluwger and the sleeve (Fig. 160), and, aecord-

Ingly, the lower will be the delivery coeffielent. Since -the imel It-
self servea..as the lubricant for the plungers of the fuel pump, plut-

er-pair wear in the fuel pu"p also depends on its visoozity. As a re-
. ult of wear, the cearances in the pxeci!i(nr-ttoa0 pairs of the .pumps

and nozzles become larger, and this causes blow-by of the ftel, a drop
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TABLE 122
,i•, Influence of Fuel Viscosity on Variation of Its

Feed Rate in Long-Term Pump Operation [4].

1 2 Tonnea a 4 Tonanno c 5 Tona"o 6
'.ao 14 ccm i1,=7,37 cean i ,.=L27 eM

_ _ _ _ _ _ I _ _ I
"00 72,0 100 59,0 10,,0 5 100,0
125 68,5 95,2 54,5 92,4 53,0 90,6
250 62,2 W6, 47,0 79,7 43,0 73,5

, 1rp 375 5&5 81,3 42,5 72,0 31,5 64,2

375u. *, 13.5 18&7 16M MO, 21,0 35,

1) Operating time, hours; 2) fuel with 1120 = 6.14
* .cst; 3) ml/min; 4) fuel with q20 = 2.37 cst; 5)

.Ael with 1q20 = 1.27 est; 6) feed loss over 375

hours.

in delivery rate, lowered injection prrisure, and a loss in the power

developed by the engine. The lower-limit viscosity of a diesel fuel -

Sthat which guarantees against excessively rapid pltmger-pair wear -

depends on the design features of the Puel apparatus and the conditions

under which it is operated. Thus, for the fuel apparatus used with the

YaAZ-.204 engine, a drop in fuel viscosity from 6.0 to 2 cat (at 20o)

"has no effect on plunger wear, as will be seen from the. data presented

below 131.

"eat up 1 3 6 7 ti t4o
2

"".~a, 1. 
U* r

1,) Fuel viscoslty at 200, cst; 2) averge plunger

wear after 550 hours of operation, •.

At the #am. time, & drop in fuel viloosity from 6.14 to 2.37 oat

causes more rapid wear of the fuel apparatus of the D-6 engine. This is
i11ý.trated by the data of Table 12.2 .

In view of the fact that the fuel's viscosity increases with 11-
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creasing pressure for engines having fuel systems operating at very

high pressure, the minimum fuel-viscosity value determined at 20& and

atmospheric pressure will be lower. Thus, for the YaAZ-204 (atomizingi2
pressure up to 1500 kg/cm 2), no increase in wear of plunger pairs is

* "observed even in cases where the fuel viscosity is only 1.25 - 1.3 cst.

In combination wit), density and surface tension, viscosity exerts

an essential influence on the e:tent to which the fuel is atomized and

the range of the spray. The fuel is atomized better at low viscosities,

but the spray range diminishes. With increasing viscosity, the depth

of penetration of the jet does increase, but the extent of atomization

drops sharply and drop size is larger (Fig. 161). As a result, the con-

ditions for fael vaporization deteriorate, complete combustion is not

achieved, the specific fuel consumption rises and we observe a smoky

exhaust. The optimum viscosity range, which guarantees normal atomiza-

tion of the fuel, depends on the design of the fuel apparatus and the

i- combustion chamber.

cbcThe surface tension of the fuel

~L A •exerts conside•'ble influence on tho-

- uguhness of atomization (Table 123).

* With inciv-azing turface tension, the

. •'¶ K K • ave, age d:op diametev increases.
I € ' '- $ The densy of the fuel also oA-

ezrti at Certain trwiluen~ce the t-anget
Fig. 1161. l:1*uCnce of T'uel
Svico�i-y ooý. fineness of at- or -he apraz. Thus, when an ongine was
omiZation. A) Averag dr'op

. diaeter', 1; 1) viscoaity, sawitched from. a fuel having a density
W-of .84. t-O a 4uel wlth a deraity of

0.873, the range of the spmay increased by 20% t•.

The Influence of the chemical co4)ozition of the.'less ,Puel on theA

dependal!'ty of the fuel apparatus is detertincd by tihe piesence, in
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TABLE 123
Fuel-Drop Diameter as a Function of Surface
"Tension (I.F. Larchenko)

flooepxno. 3 CPeut.I

4 Tonan o 1eline AnJ~n,

4 113 cypaxanc'ofl aeom:
-5 A•TMcninT, mnpoxam tpaxiau • . 28,92 17,04

SAltcTnaTn?, OpaxInX 300-350° . 29,68 22.55
"7 113 6116n-afi6a~c-oi sETu:

8AKItnI.'Ina9, mnpocax 4psxn .. 29,53 20,2t
9 TO we .............. 27,48 16,0

21) Fuel; 2) surface tension ergs/cm ; 3)
average drop diameter, p.; 45 from Surakhany
petroleum; 5) broad-fraction distillate; 6)
distillate. 300 - 3500 fraction; 7) from
Bibi-eybat petroleum; 8) broad-fraction
distillate; 9) same.

the fuel, of corrosively active compounds and compounds capable of un-

Sdergoing changes at temperature to form tarry compounds, as well as the

presence of other compounds that are aggressive toward the individual

units of the fuel apparatus.

The p•'imary corrosively active substances are acidic oxygen-con-

* tainiiz compounds that get into the fuel during production (naphthenic

acids) or form in it during storage as a result of oxidation, as well

as certain sulfur compounds (hydrogen sulfide, elementary sulfur and

mercaptans) present in fuels produced from high-sulfur petroleums. The

4nfluence of the above compounds on corrosion of the fuel apparatus is

described in Chapter 12.

When diesel engines are operated primarily on high-sulfur diesel

fuels and diesel 4-uels containing products of catalytic and particular-

". ly thermal oracking, we observe oases in which the nozzle-atomizar nee-.

dies become gummed up, with the result that the supply of fuel by the

nozzle is cut off completely or the fuel is not atomized, but fed into

the cylinder in a stxeam. Atomizer-needle sticking results from thI
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formation of tarry or varnish deposits on

,I? the needles. The basic factor determining

the tendency of the fuels to form deposits

on nozzle-atomizer needles is temperature.
Figure 162 shows the influencp of temperature

b * on the thickness of the varnish film formed
5

on the nonworking surface of a nozzle-atomi-

.A 2 . " •zer needle in operation on diesel fuels of

2' "-various origins. The experiments were con-

B Temnepamyp'C ducted on a special nozzle bench that simu-

Fig. 162. Influence of lated the fuel system of a diesel engine. As
temperature on tarring
of nozzle-atomizer nee- will be seen from the curves of Fig. 162, the
dles [8]. 1) DZ low-
sulfur diesel fuel; 2) thickness of the varnish film increases in
diesel fuel containing
1.16% of sulfur but not operation on all fuels with rising tempera-
containing mercaptans;
3) eatalytic diesel ture. The lowest temperature at which a va:W-
fuel; 4) diesel fuel

o . fT':l nish film f',os on the alomizee needle and

di esrlapt fue s u.! z)he rate at which ir forms with increasinG
diesel fuel produced by
hydrogenation of coal temperatui'e depend on the chemical composi-
tar. A) Thickness of
varnish film, V; B) tion of the fuel. It has been shown by re-
temperature, C.

sear.ch that the formation of tarry or varnish

"deposits on atomizer needles is the rosali of oxidative-polymerization

procesoes that take place at temperatuze. The mercaptans, oxygen com-

- pounds and unsaturated hydrocarbons present in a diesel fuel are most

"susceptible to ox-Idative polymer'zation. As will be seen from the data

of Table 1L4, the temperature at which atomizer-needle tarrinZ begins
rises sharply as a result of removal of the mercaptans and oxygen com-

pounds t*o• diesel fuels.

However, not all mercaptans and oxygen compounds undergo oxidation

to equal decrees with formatlon of tarry deposits. The most strongly

-568-
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TABLE 124
Influence of Mercaptans and Oxygen Compounds on

"-* Tarring of Nozzle-Atomizer Needles (8]

1i2t na naeaop na nrax (a ax) t 3
"2 T o. " - I .-+ .;. I

"4 "'""w-e.wtIoe ToUn-o, coa epmao- 6
moo 0,0129% -tepantauonol
- 5 .. . . ..... .. . 5.5,0 225 1,0 0.75 HoT HeOT 149

5 ToNO RM1OCJI8 YA&JISNux map-
Sran• 11oT Haeo ......... . 075 Hli e r Hot . 0 192

7 1 71" u a1.11% T00l310, COAep)Ka-
;:" eo 0,008% soepanTauomi 8
ce .. ...r .... .. . .10 0,5 Cneu 19To -me nocne 74SJI*uU xep-S0.5 Heir HOT S 0 S 190
ve'oro xpexnura ..... .1,5 0,75 0,625 0,25 - 0,25 126

IlTo aco nocno y+aaeuna cuan 1,0 li8 HOT HOT leoT HoT 192

1) Fuel; 2) thickness of films on needles (in i)
at temperatures of °C; 3) temperature of onset of
tarring, OC; 4) diesel fuel containing 0.0129% of
mercaptan sulfur; 5 same, after removal of mer-
captans; 6) none; 7 diesel fuel containing 0.008%
of mercaptan sulfur; 8) traces; 9) same, after eli-
mination of mercaptans; 10) catalytic-cracking die-
sel fuel; 11) same, after removal of tars.

inclined to formation of deposits are the aromatic mercaptans and

highly oxidized oxygen compounds (Fig. 163). It should be noted that

the oxygen compouhds present in diesel fuel differ only slightly in
"molecular weight from the hydrocarbons composing the diesel fuel [9].

.2 This indicates that high-molecular weight compounds are not formed in

diesel fuels during storage.

Figure 163 shows the quantities of deposit formed during three

months' storage of catalytic gas oil at 400 with addition of aromatic

morcaptans to it [10].

The degreeto which the unsaturated hydrocarbons influence the ten-.

dency of the fuel to form deposits on the nozzle-atomlzer needles i-

indicated by the data of Table 125.

"In operation on direc4-distillation diesel fuel, we observe ia-ll
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TABLE 125
Influence of Unsaturated Hydrocarbons on Nozzle-
Atomizer Needle Tarring

A l)13C.nUo0 TonlaJlno TOpu llttOCOrO3tpetuunra. CoAopwaluiste nopo- •n wtboo TOUnnoo npRxorofUoe
i 2 AN nbla-- 5%

1i.pa1, • I'FJIt it.,e oa ycitatt 18 318eo-, OIM0TOca 24 ATt :a - n i fl a ToD un a Jla-IIIR IF~ll 13 ODORi I0Klu xpncapanm I(Oorok nneean
pnyca pac- Ha * xopnyca pacum- us WAS,

3M- iiuTeax, .M e

3 4 3 XS 4 "
155 12 0.75 6 Cao6oa 7 Her* 170 1.52 8 C.eAU
185 >15 I 3,25 3 O

0
1) Temperature, C; 2) thermal-cracking diesel
fuel. Unsaturated content 35%; 3) effort required
to pull needles from atomizer housing, kgi 4)
thickness of varnish film on needle, jz; 55 direct-
distilled diesel fuel; 6) free; 7) none; traces.

amounts of deposit on the atomizer needles only at 1850, while the nee-

dies themselves are touched only at spots. The thermal-cracking compon-

ent included in the composition of the diesel fuel forms a varnish film

0.75 mm thick at a temperature as low as 155 , and the effort necessary

%.•. to extract the needles from the atomizer housings rises to 12 kg. With

rising temperatume, the quantity of deposits on the needles increases,

and an effort in. excess of 15 kg is required ao extract them.

Together with sticking of the nozzle-atomizer needles during oper-

ation of diesel engines, we sometimes observe breakdown of the felt in-

sorts in the fine filters. As has been shown by research carried out by

G. P. Otlcupulichikov, Lhiz may be accounted for as follows. Diesel fuels

obtained from ,,aphthene-base oils are subject to saponification in Some

cases as a result of their high content of naphthenic acids. The naph-

thenic zoaps formed az a rasuit are eliminated by subsequent water

"washin;. Howeeoier, they are not alwaya completely removed, particularly

when the wazh.n, - proceduve is inadequate. During the summer period of

operations, particularly in the southern rogions of the country, the
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temperature of the fuel passing through the

w fine-cleaning filter reaches 50 - 700. If the

22 fuel contains naphthenic soaps, they are read-

ily hydrolyzed in the presence of water at

IV- such temperatures to form alkalis. The latter

.v7O are extremely aggressive toward the felt, so

* 210 that the felt inserts break up rapidly. In
A

150- scases where this has happened, the filter

'. 90 glasses always have water with an alkaline

reaction at the bottom.
B .W 0 0 40 41we.-paw,•• a&.OPeK 9 Contamination of diesel fuel by water is

Fig. 163. Influence further intolerable because, firstly, it
of aromatic mercaptans
on sediment formation causes corrosion of the fuel tanks and fuel

* in catalytic gas oil
• [10]. 1) Thiophenol; apparatus, particularly when high-sulfur die-)) 2) thiocresols. A)

Deposits, in g/m; B) sel fuels are employed, and, secondly, because
content of mercaptan
sulfur, %. when the temperature drops below 00 with water

present in the fuel, ice crystals form; these are capable of clogging

the engine's fuel system.

PROPERTIES OF FUEL THAT GUARANTEE NORMAL COMBUSTION

"The normal combustion of the fuel and the completeness with which

it Is burned in a diesel are determined basically by the chemical and

fractional compositions of the diesel fuel.

Since the fuel burns in the vapor phase, it is necessary that, on

its ý•ary into the combustion chamber in a finely atomized liquid state,

it have time to undergo complete vaporization during a very short period

reckoned in thousande of a esoond, Depending on the speed of the engine,

* I'I.x tire available for evaporation of the fuel varies over a relatively

wide range. Consequently, the specifications for vapcrizabilisy ol .b:

-,.el fuels - a property characterized by their fractional compost"o:-. .
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are different for engines running at different bpeeds.

Low-speed large stationary diesels have low requirements as to the

fractional composition of their fuels and perform quite normally on such

heavy fuels as mazout.

On thM other hand, fractional composition is an essential factor

"for the high-speed diesels used in transportation; its importance is

determined by the design of the engine's combustion chamber.

Figure 164 shows the influence of fuel fractional compoJ3tlon on

the specific fuel consumption and the rate at which the pressure rises

in engines that dif,.er in combustion-chamber design. The data presented

indicate that in the boiling-temperature range of fuels selected (rang-

ing from kerosene to solar oil), the fractional composition of the fuel

has virtually no influence on specific consumption for engines that

have antechambers and hot swirl chambers. Engines with swirl chambers

that are not heated are more sensitive to fuel fractional composition.

As the vaporizability of the fuel (3000) increases 'from 30% (solar oil)

to 70% (80% kerosene and 20% solar oil), the specific consumption de-

clines by 4.5%. Most sensitive to fuel fractional composition is the

* - single-chamber engine. The uwe of a fuel 90% of which boils up below

3000 in such 3n engine instead of a fuel only 30% of which boils up

0
S. below 300° makes it possible to lower tha cpecific fuel consumption by

16%.
It ia necessary to note that these xvlationahip- apply for fuels

boiling below 3000. When a fuel that iz higher-boiling than solar oil

is used in hi-h-spaod onginea - even in the antech mber types, which

are least demanding as regaxds fractional composition - the performance

-S .e1i do not have tize for complete vaporization and prompt

format'on o" a miu%-e of the necessary quality with the air, so that
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S~Fig. 164. Influence of fractional composition of

.4.

::-. fuel on specific fuel consumption and rate of pres-
*.- sure rise in cylinder, a) 1) Engine with swirl

:"" chamber; 2) engine with antechamber; b) i) Engine
i:''::with single chamber; 2) engine with hot swirl cham-.
-'• ber. A) Specific fuel consumption ge %; B) rate of
, pressure increase ap/A¢, kg/cm2- - degree; C) per-

Ventage boiled out below 3000.

Stkieir combestion is drawn out and completed only during the expansion

:.:-" stroke. That part of the fuel which did not evaporate in time undergoes '

,'-"'., therrmal decomposition as a result of the hig~h temperatures, with forrna- ;'

n tiun of carbooaceous substances that are hard tO burn. As a result, the

:!.. temperature of the exhaust1 gases rises, the heat losses increase, sca-

,.', ling is •ravated, the exhaust becomes smo~ky, and the economy of the
emgin4 damdnishes.

FAnother cont1'Ibutoe o factor in the poo combuostion of excessively

::' heavy fuels is their increased viscosity and the •esulting larger size,.

b" of the atomized fuel drops.
* - '. Accodilng to the curves of Fuel 164, tio rate of pressuro

.ild-up wn the eng ine increases, particularly in a single-chamber en-

S•'in, when the fractional cfmposition Of the diesel fuel is lirhact .o

s to explained as follows: ar a result of the fuel's self-iwti r.g.oes

m-573-

thra eopoiina esl-ftehghtmeaue,,wt om.



lag, the lower-boiling fuel has time to vaporize before self-ignition

* begins and does so to a considerably greater degree than does a higher-

boiling fuel Consequently, by the time the flame appears, almost all

of the light-fraction fuel injected into the engine is participating

in combustion. As a result, the rate of pressure build-up is higher
and when a certain limit is reached, combustion of the fuel in the en-

gine will be accompanied by knocking.

For fuels that possess large self-ignition lags, i.e., those having

..lo. ... •.--A, :._s limit is reached earlier as the fractional

composition is lightened. But when a high-octane fuel is used, even in

* antechamber engines, knocking is inevitable when the fractional compo-

*. sition of the fuel is lightened excessively, i.e., the engine begins

to run "hard. "

For diesel fuels obtained from a given raw material, the self-

ignition lag becomes longer as the fuels become lighter (the cetane

number drops), i.e., as the fractional' composition of the fuel is ligh-

* tened, one factor - excessively rapid vaporization - .s compounded by

another factor - the increased self-ign.tion. Consequently, excessive

1±efbt 1ning of diesel-fuel fractional compositio" is Just as undesirable

a4 ha4L41 it LXe'tsively heavy.

As concerr." the optL.um ffractionai composition fa.* dleel .ueli

intended for high-3peed diesels, 11 is obvious that this will depend

on the design of the egine's cobuztlon chamber. For antechaber ba-

* g&ies ad angies wlth heated awli,! chaer•, fuel of wide fractional

composliio•i boiling St the range frm 1602 - 180 to 360 - 400" may be

used; -hie pi portionj of the individual f:-actionj in such a fuel have

no gmrat Lportance. Use of a di3el fAel having narivu bolling rangea

is ievqir'cd fo*- single-cha:-.ber anginea. As indicated by tests, such

fuels 1ust soll out in Uhe range fr% 200- 300° [3.
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However, completeness of vaporizaticn is not alone sufficient to

ensure a normal combustion process. We way select a fuel with the op-.

timum fractional composition, but if its cetane number is very low,

i.e., if its self-ignition lag is too long, the engine will operate

"hard."

The cetane number of a diesel fuel depends on its chemical compos-

ition or, more precisely, on the structure of the hydrocarbons compos-

ing it. Stmight-chain paraffinic hydrocarbons have the highest cetane

,-numbers. As the straight chain becomes more and more branched, the

cetane number of the paraffinic hydrocarbons tends to diminish; here,

the closer the side chain is to the end of the molecule, the greater

will be the drop in cetane number. The cetane numbers of unsaturated

hydrocarbons with open chains are somewhat lower than those of the cor-

responding paraffins.

* ** The naphthenic hydrocarbons are markedly inferior to paraffinic

* hydrocarbons as r•gards cetane number, with this number dropping off

.- 2.- noticeably as the n.'=.be-r of r.4n",s in hemolecule of the naphthenic

"hydrocarbon increases. The poorest hydrocarbons as regards cetane num-

ber are the aromatics, and particularly hydrocarbons with condensed

- ingrs.

,,As a rule, if the molecular weights of the hydrocarbons arc in.

creared by lengthening the molecular chains of the paraffinic hydro-

carbons or the sIde chains of naphthenic and aromatic hydrocarbons, the

cetane number rises. Consequently, the cetane numbers of diesel fuels

generally rise (Fig. 165) as their fractional composition becomes

heavier.

Although cetane number does characterize the self-ignition laG of

thl ,- there is rigorous linear relationship between these paa.w-

o-tertj, as shown by the curves of Fig. 166, and an increase in the
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A p-2a -oo0-250 2 O0 30o ' 350j 0-4'00 4 Ov-w
B Tesnepamypa .unesu,, *C

Fig. 165. Influence of diesel-
fuel fractional composition oncctane number. 1) Distillate of
paraffin-base fuel; 2) refined
paraffin-base fuel; 3) distil-
late of naphthenic-aromatic-."
base fuel; 4) refined naphthe-
nic-aromatic-base fuel. A) Ce-
tane number; B) boiling point,

fuel's cetane number above 45 - 50 units reduces and, consequently,

improves the self-ignition lag of the fuel only slightly.

Apart from the self-ignition lag, the cetane number gives us a

basis for infoxevnees concerning other operational proporties of a die-

sel fuel related to the cowpletenesa of fuel combustion - namely, the

starting properties of the fuel, its tendency to fo•m deposits in the

engine,. and the natura of the exhu-t ga-sea. ThL is clearly illuatra-
ted by the curves of Fig. 167. The starting propertioe of a diesel fuel

may also be observed aj a function of cetane number by ivrevence to the

* time requi•.d to ztart the engine: on a Nue! with a cotane number of

53j, the eeine.;tarts aftr 3 sec of crankiin, while a 38-cetarx fuel *-

,Gtar't• thUe eine only ae r 45 - 50 sac of •airter operatlon.

Not only the chc•ical and flactional composition or the fuel, but

also the pz'upevt ko considered above - viscosaty, surface tension - and

"the perfection of the cOl-apparatus desi•n influence the completoness

of fuel cobus'tlon In hizh-rpaed diesel engines.
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The cetane rating of diesel

fuels may be improved either by

"T. removing the low-cetane aromatic

1s hydrocarbons from them by one me-

to thod or another, or by adding

B- 60 70 special additives that raise the"" ~B Qcema.~o8 vurUo

Fig. 166. Relationship between cetane number (see Chapter 14).
cetane number and self-ignition GRADES OF DIESEL FUEL
lag of diesel fuels. 1) Diesel
fuel No. 1; 2) diesel fuel No.
2. A) Self-ignition lag: derrees At the present time, the pet-.

of crankshaft revolution; Bc- roleum industry is producing spe-
tane number.

cial grades of diesel fuel for

- , high-speed engines running at over 1000 rpm,
-•for medium-speed engines (500 - 1000 rpm)

zoo. and fOr slOW engines (speeds below 500 rpm).

1 The diesel fuel for the high-speed engines

:IN - - Is prooessed in accordance with GOST 4749-49

N and GOST 305-58 (Table 126).

__, The diesel fuel produced after GOST
~e;jo 3404550-0 60

B keiioeVeae 4749-49 has a low sulfur content and con-

Fig. 167. InIfluenec of sists of the Sas-oil or kei'erne-solar pet-
cetane number on opera-
tional properties of roleum fractions. The DA arctic diesel Nuol
diesel fuelt. 1) Start-
-n• propertle•; .) odor; In intended for high-speod engines operat-
"":3 dapo•ti..; 4) smoke.
' Relative deterlora- inb at mbiont tomperatu.es below-300. DZ
.ton. of fuel quality, %;
.B) cetane number, winter diesel fuel Is used with air temper-

atures ranging rrom zero to-30, and the DL 8utser fuel at uei teo-

PeratureO above zero. The special DS diesel fuel is designed for en-

-iaoru that have elevaLed oetane requiremets.

7he diesel fuel of GOST 305-58 iS refined from high-ziulfur pete- *-

I c leu=. For this reason, sulfur contents up to 1.0% are tog!rated 5.:;
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TABLE 126
Diezel "mol for 1Ii~h-Spead Engines

1 2 Toommo rOCT 4.4-49 '7o~a~a 30O.5

1 M tklaonno . . ... 4 40 45 50 45 43 4A
12 111p,I-a1w1.a:itoil cotms:

i"''200 -420 - - 200 170 -
10% To Wei 4 . . . . . 2.55  275 290 280 2" 5 2 75 2 80

.O *... ..... ....... i4 335 350 -

96%~ .............. 330 - - 34WO030 0

itPH. .. . . ... . 12.5- 3.4- 3.5- - 3.0- 1.8- 4.5-
04.0 6.0 8.0 80 &,0 8.0

t1Ips 0. . . . . . .. - -15

17 Ui~hcyemom OC % i-noco OCiaT- 14
.0 e (mvil~.e 0.05S 0.5 0.M4 U 0.30,

19 %0 APAS 101113I('W. . 5.0 5.0 5.0 5.0 5.0 5.0
19 %, ticst. , Go-ico . .0 0.02 0.02 0.02 0.X OW0 0O0

20' "O.Up;g~ilars cepu a %6 tic

21 1Ip(Aa Ila ;tisyo- 1-Y . iai. i

22 '?"" " 11mu ' A u is oenui Bmpt~ecw ii aet

20 T-m *Tp P-esttt*iu a 3a.
PU"' itr.4. 5 .60 00 65 ) 65

'4t'~t............. ...... 0 - 10 I - 15 -t0 -3'5 -15
263 Ttls..t.p3TVP3 IM4-tso1ayjssMs a % .

nk*a%........... -35 -10to- -25 -to

301,n~ I""R M 13 13
29ktmUc.tikq ua00 91 100tM i

9 ;10) .1 11) COe-e ntutnbt"; 121) ft-a.ctonia corn-
at) tempe

£1~~~ F.01i)cit~~ ~ ~o pelv 100 :nW

*~ ~ "'Ue tu i ot above; 19)auhcotn in~ n ot above;
"1110) :tlAl jvt co kýnt ot above; 21) copper-plat~e

tc3.; ýý2) g dadAk

7)Paul, "on, nC not. atrove; 28) c1oudllw, tempor--
a~u-c ~i.c not above; 29) Iodine number, ir 0"' Lo-

tic. r 100 ýý of' fuel 30) actua-tari content.,
Wg3e 100 =1 of 1fUel.

fuel ~ rm,de ia~',4 s a.,id :;.p to 0.6% in grade Z. In vi.ew~ olL thCat tha

* h~h-~Z\al- oa m~ MN a ca11 h -plffn diatil1atea of 11ghtorne



fractional composition are employed to produce diesel fuels with the

required low-temperature properties from these petroleums. Grade Z

diesel fuel is produced from the kerosene-gas oil fractions of the

1 petroleum, while the solar fractions are also used to obtain grade L

diesel fuel and particularly grade S. Components from catalytic and,

at certain plants, thermal cracking are included in grades Z and L

diesel fuel. To limit the contents of these components in diesel fuel,

two new indices have been introduced into the technical specifications:

iodine number and actual-tars content.

S-To exclude the detrimental effects of the combustion products of

, sulfur compounds on engine performance when diesel fuels produced after

GOST 305-58 are employed, it is necessary simultaneously to employ an

oil with the TsIATIM-339 additive or some more effective additive.

Fuel L is employed when the ambient temperature is above zero, and

fuel Z at temperatures from zero to -15°. At lower air temperatures,

fuel Z is mixed with tractor kerosene in the following projxortlons:

Te-uepaTypa oxpy-l 2 CoemAn CuecH AuMealoro
.aloumoro 0oaiyxa, MOulan~a nn -n 2 paIKTopuoro

ac x~POCnlaa

3 0T -_5 Ao-25 75% 3+25% xopociua

5 ,1Ie -35 J25% 3+7-% &

1) Air temperature, °C; 2) composi-
tion of mixture of diesel fuel Z
and tractor kerosene; 3) from -15
to-25; 4) 75% Z + 25% kerosene;
5) below -35.

The DT-l fuel may be. used as a starting fuel for engines operating

' on fuols DT-2 and DT-3. Fuel DT2- is intended for engines with speeds

bclow 300 rpm, and fuel DT-3 for engines with speeds below 200 rpm and

hoilsepowers above 100.

"The so-called solar oil produced after GOST 1666-51 (Table 1
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is used as a fuel for compression-igniAon engines operating at 500 -

1000 rpm..

"Solar oil is produced by direct distillation of petroleum and re-

presents the fraction with initial boiling at 24C - 2600, 55 - 60% of

whioh boils below 3500. Diesel fuels produced aecording to GOST 305-58

"and 4749-49 may serve as fully adequate substitutes for solar oil.

- 'TABLE 127

Diesel Fuel for Engines Running at Medium and Low
Speeds

1 2 ConI.po- I MoTOpIpe TO.JI..O
o O T -.... 16 .7-51)
n(roCT

1.337 C1 Xu1i1011AhI~itiaaytccian nPsi 500 jj Cccm to W -

.o..ee 5,0-9,0 36,0 55 66,G!-8 .* "•'..................~ .UO.)o
neperohnarcit it % no 6oaeo . -- . is 15 159 io•;q .0,. .................. ..- 3,0 35 4.0

3MO.., ' ;................ 0025 0,04 Q,8 0oS8
,,:1("' . u, ........ % ............ 0•.2., 0,5 0s 0,5

j' Ci . ue ceponoaopo'la, % .. 3 0r...Tc? oyeO t
",o.Lxau.3ecmie .p .:eca a % , ,o 6u ee". . . 3 OTcy-r- •y. 1 T.1 01a 1

19rtuepamvanie oam~~ a %C tie Gum~e
19 7 .. W3ep anto n m ,i a % tie uone........... Cae 1,0 1,0 1,0

20aOHUO VIMo~ t.no. .. .. . ... ......... 5 - - -
21 u.PZJ,0, '" ....., ........... : 65 a .

22 T('.aieP3TYPa .1acTwIauum a B ue umWo -2 5I3 +

1) Index; 2) solar oil (GOST 1666-51); 3) motor
,. . fuel (GOST 1667-51); 4) DT-l; 5) DT-2; 6) DT-3;

7) kinematic viscosity at 500 in cst not above;
8) percentage distilled below 2500, "ot above;
9) cokability, %; 10) ash content, .. 1 1i) sulfur
content 12) hydrogen sulf ide cot %;t 13)

I*' none; 14) saine; 15) water-soluble acids and alka-
lis; 16) mechanical impuritie. in %, not a3'.Nve;

• , 17) water content in % not a' •; 1I)tra.I.;
"19) flash point in °C not below; 20) in olpcn cru-
cible; 21) in closed crucible; 22) pour point in
"°C not above.

For low-speed engines with compression ignition, as well as for

calorizer enginea with low compression ratios, mixed and residual pet-

roleum products processed according to O t 1667-51 are used as fuels.

S-'*,u'l T-I is produced by mixing distillates with residual distil.

lation or cracking pioducts; DT-2 and DT-3 are pure residual products
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of direct petroleum distillation or cracking of any mixture of residual

products with heavy distillates.

Diesel fuel DT-I is intended for unsupercharged engines with Jet .""

atomization, running at speeds from 200 to 500 rpm and developing powers

below 400 hp, as well as for other types of engines with speeds from

300 to 500 rpm and powers below 50 hp.
Special devices are required to preheat and clean DT-2 and DTI-3

fuels. In view of its high viscosity and pour point, fuel DT-3 is

"specified for installations equipped with devices for steam preheating

of the fuel. The recommended preheating temperature is 35 - 40. for

.reservoirs, 60- 650 for sedimentation tanks and filters, and 50- 600

for the nozzles.

Fuel DT-2 may be used with hot-water heating to a temperature of

-. 0
S 45- 50.

- Apart from the engines listed above, fuel DT-I may be used-in all

equipment operating on fuels DT-2 and DT-3 but not having preheater

"devices.

The foreign specifications for diesel fuel differ little from the

standards effective in the USSR. The USA has petroleum-products speci-

fications that include specifications for diesel fuels: the ASTM spec-

ifications, Federal specifications, military specifications, and others

(Table 128).

The ASTM specifications provide for the production of three grades

of fuels for compression-ignition high-speed engines: 1-D, 2-D and 4-D.

The easily vaporized 1-D distillate fuel is a kerosene-ligroin

frsotion bolling below 3300. This fuel is intended for use in engines

operating with variable speeds and loads. As regards its indices, fuel

1-D corresponds to fuel DA (GOST 4?49-49).

"Distillate fuel 2-D is the petroleum fraction bo.iln& below 30f .
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TABLE 128

American Specifications for Diesel Fuels for High-
Speed Compression-Ignition Engines

a ~~2CUCOlN~KRUnaTflncia cnoqtu.
MASTM D-075-6OT 0 1HIIaKIflNllLE-W80* jfoxaaaoa . , ' I . 4, (iO80m .)I 4 24os P,)
I-D 2-D 4-D e aac 2kaoc c

6 110Tanonoe nc.oIro o nm .. 40 40 30 40 50 40 35
7 Opaxmonn•uir cocTaB, 08 00% neperoInn 288 282- 357 357 357 3t51,

357

11385, 1 cm:

mnun~1..y ......... 1,4 2,0 5,8 - 2,1 2, 1,5
12 m2ancni:y . . 2,5 5,8 264 6,0 GO 6,0 23
1omye:OcM 100%6-varo oc-aia 0,35 - --0.L 3oanocm, 9' , ne 6o.le'..• 0,01 0,02 O,1O 0.02 001 0,01 0,0115 comOP-miiie ccpia % ze&:ze 0,5 1,0 2,0 1.25 t,00 15 ,00

17%o 6pmai. cop ee .06C44J 0, 50

ncau'u'v a OC T'j 0103 0,05 0,0321 tie .enep. ... •.•.....38 52 54 38 60 00 1OTomepaTypa "acnh.ana.,. C *-7 -18 -29 --02 2 .. 0•mazypa notylei . •C - - - -7 -12 -23 -31

*The specification provides for establishment of
i additional indices by agreement with the customer.

The pour points a3e established by agreement with
observance of the following condition: lacking
p-.?eheaters, the pour point must be 5.60 lower than
the ambient temperature.

1) Index; 2) ASTM Specification D-975-60T; 3) Fede-
ra] Specification 0-361; V) Military Specification
MIL-E-896 (1950); 5) class l? 6) cetane number not
below; 7) fractional composition, °C; 8) 90% dis-
tilled; 9) :ýYid of boiling; 10) kinematic viscosity
at 330, cst; 11) minimum; 1.2) maximum, 13) cokabi-
lity of 10% residue; 14) ash content in 1 not above;

7 V 15) sulfur content in % r..'- above: 16) water content;
17) % by volume not above; 18) traces; 19) % by
weight; 20) flash point ir 'C, not below; 21) pour
point, OC; 22) cloud point, oc.

, ... This heavier fuel, which is harder to vaporize, is intended for use in

industrial and heavy-duty transport engines. Fuel I.-D is intended for

engines running at medium speeds and certain types of. low-speed engines.

Federal Specification 0-3C1 provides for production of one grade

of diesel fuel, which differs only slightly in its properties from

8- 2-
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TABLE 129
Specifications of Other Countries for Diesel Fuels

.*-for High-Speed Engines

a AnrjuH DEF-2402
1 rAP TGL

Teu•epaTypa aCTM.- 4938 (1959) DIN

(1959)
+20- 00 --30 DKM DK

•6 Yjiemnumai ne0 -s- -- 0,810- 0,810- 0.820--
0,900 0,880 0,860

7'-"6eTanooe ,McAono znn6 e . . 47 45 40 40 40-45
"?j Opaiznon,,fl cocms, 'C.

31 80 - - -- 360 - -
,6) 90% .. .. 357 357 316 - 360 3" 0

C D . x ............ . 385 M 343 - - -

9 Biwoct6 ime-amn'ecnan, cec: 10
unn 20 ......... 1,8- He ia, e 3,0- 3,0- 1,8-

7,5 7,5 1,4 9,4 9,4 1%0
npn 38. ............. 0,20 0,20 0,14 - - -

12 Ioc'yeocM 10%-,oro omTan
ne 6once . ........... 0,5 0,5 0,5 - - -

313."oacyeSo¢C Eucero -poAyxaT
.u 6onee ......... Olt 0,t 04

"14 CoAeptaxwe Tnepporo acIaJ-.-
Ta no 6onee. 0......... -- -- 0,2 - -

15 u0nl-OCTI- $ *it ni Gonee . . 0 0,01 0,01 0,02 0,01 0,4
16 CoAPpmaitute cep,., B % us 6o-

',-1"1- nee . . ......... 1,0 1,0 1,5 0,5 1,017 npoa.aia HeAHuyO IInaCTnny 1I Apwae? -- -- --
19 CoMepUManue RojAN a % ue 60-

"-0,nee ............ 0,05 0,05 0,3 0,4 Ol
20 Cocpaani-e -exeiaqecitxi

"upumeceil a 6 ae Goe . 001 0,0t 0,01 "%cyCT2Y1OT ;Tep

"22 Te-uopaTypa .cn3UMK *C ,O
"'enee ......... ..... 6 6 38 55 55

""23 Te.uopaTyp& 3ecra•iuu a C 24
eu uuame ........... -7 -18 -34 MWOU 0 0"3auMoD -15

2 "onn•euoparypa .a~na~a a•e- -10

wi- uapa~anoz a C ue asur
, mUMOB .......... -- -- -5 -t0o

V-"• 4u1JTpyOMOCTS no XareU&My 2
u" Xaun punry *.*q aum e . . . .- o

AO 01.

28 !COppo3aa imovoA UNHNOD enf(uoTepN seca) a •u ns G ee - _ - 4

1) Index; 2) England: DEF-2402; 3) pour point; 4)
German Democratic Republic, TGL 4938 (1959); 5)
"Federal Republic of Germany, DIN 51601 (1959); 6)

specific gravity p2 0 , 7) cetane number not below;
08) fractional composition, C; 8a) 80% boils out;

80) end of boilinE; 9) kinematic viscosity, cat;
10) not below; 11) at; 12) cokability of 10% resi-.
due not above; 13) cokability of entire product not
above; 14) solid-asphalt content not above; 15) ash
content in % not above; 16) sulfur content in % not
above; 17) copper-plate test; 18) passes; 19) water
content in % not above; 20) content of mechanical
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- impurit es in % not above; 21) none; 22• flash
point, C not below; 23) pour point in ýC not
above; 24) summer 0, winter -10; 25) temperature
at which paraffins begin to separate, °C, not
above (winter); 26) Hagemasch-Himmering filter-
ability OC not abcvc; 27) summer to 0, winter
to -12; 285 zinc-plate corrosion (weight loss)
in mg not above.

grade 2-D. Both of these grades correspond apprdximately to fuel L,

which is produced according to GOST 305-58.

The Military Specification was introduced in the USA in 1950 to

supersede Navy Specification 7-0-2-e and Army Specification 2-102-c.

The Military Specification embraces three classes of fuels. Class

"1 is intended for submarine engines and for other special-purpose er-

0"gines operating at ambient-air temperatures above -12 ; class 2 is a

* -. summer diesel fuel for automotive and tank engines; class 3 is a winter

diesel fuel.

" -- In examining the military specification our attention is drawn to

the high admissible content for all of the diesel fuels and the low

cetane ratings of the summer and winter grades.

Table 129 presents British, East German and West German specifica-

tions for diesel fuels for high-speed engines. Diesel fuels of three

grades are used in England; these have cetane ratings of 45 - 47 and

pour points of -7, -18 and - 340. Sulfur contents in these fuels may

run up to 1%.

Two grades of diesel fuels are produced in the German Democratic

Republic: type DKI4, which is used in engines having piston speeds be-

low 7 m/sec, and DK, which is used in engines with piston speeds above

7n m/sec. The Federal Republic of Germany produces only one grade of

"diesel fuel. The density ranges are standardized for all grades of die-

sel fuel; here, if the fuel's density lies outside the specified limits,

provision is made in West Germany for adjusting the fuel apparatus.
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In contrast to the specifications of other countries, the corrosive

"properties of the diesel fuels produced in both East and West Germany

are evaluated not indirectly - by acid number - but directly, from the .-

weight loss of a zinc plate. The low-temperature properties of diesel

fuels are determined in West Germany in a filtering apparatus, rather

than from the cloud and pour-temperatures. This method gives a more

correct evaluation of the fuel's behavior at low temperatures. In both

"West and East Germany, addition of kerosene to diesel fuel or heavy

gasoline is permitted when the air temperature drops below -140, al-

though the East German specifications make it a condition that the

viscosity of the fuel not drop below 3.0 cst when this is done, nor
0"its flash point below 55°. The West German specifications restrict not

only the lower limit, but also the upper limit of cetane rating.-
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Chapter 19

BOILER FUELS
GENERAL REMARKS

* " During the first 50 years of the existence of steam power in-

-* stallations, the steam boilers were stoked exclusively with coal and

woods. With the development of the petroleum industry, the question of

"using petroleum and its refinery products as fuels became acute, since

liquid fuel (mazout) produces 1.5 times as much heat as coal and 3

times as much as wood.

The use of liquid fuel was delayed by the lack of effective

methods of burning it. Attempts to burn liquid fuel in the fireboxes.

in the form of fine sprays or droplets or by pouring it over a tray

having a broad surface produced no results. Combustion was accompanied

l loud noise, the fuel did not burn completely, and the firebox did
not reach the required temperature.

An effective method for burning liquid fuel in atomized form was

proposed by A.I. Shpakovskiy (1865) and D.I. Mendeleyev (1867). This

method came into practical application in 1880, when V.G. Shukhov

"built a special nozzle for combustion of fuel; in this nozzle, the

"petroleum fuel, which came out through a narrow passage, is converted

into a fine spray by steam force. Entering the firebox, the atomized

fuel vaporizes, is thoroughly mixed with air, and burns to oompletion.

"Steam atomization proved so effective that it is still being used

.uccesslully to this day.

In the middle eighteen-nineties, the Tentelevsk chemical pla:,
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at St. Petersburg developed a system for mazout firing of steam boilers

using mechanical nozzles in which the fuel is atomized by the pressure

set up by a pump. The mechanical nozzles eliminate the large consump-

tion of steam, which is of great mportance for seagoing vessels, since

the fresh-water requirement is reduced. The introduction of nozzles for

"combustion of liquid boiler fuel made it possible to create new types

of boiler installations with high steam output, high thermal loads on

the heating surface, and high efficiencies. Liquid boiler fuels came

into widespread use in all branches of the national economy; this is

accounted for by the great advantages of liquid fuels over fuels of

other types.

*. These advantages include:

- a high heat of combustion, which makes it possible to burn

liquid fuels at high firebox stresses, which may reach 1,500,000

. kcal/m3 .hour as against 350,000 kcal/cm3.hour with solid fuels;

- the possibility of reaching high completeness of combustion

with relatively low excess-air ratios;

- convenience in supplying the fuel to the firebpx and the possi-

bility of automating this process;

- the simplicity of transportation, loading and unloading of the

fuel at the points of production and consumption and ease of storage;

- the precision and simplicity with which the thermal regime of

the installations can be regulated.

Special requirements are set forth for marine-boiler fuels; they

Smust make it possible to operate the installation under various cli-

matic conditions without cumbersome accessory devices (preheaters,

*" settling tanks, and so forth), contain the smallest possible quantity

of ballast, i.e., unnecessary impurities (ash, moisture), have high

"heats of combustion, occupy a small volume per unil weight, and burn
*58.
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well (if possible, without smoke) in marine-boiler fireboxes that are

simple in design and small in dimensions.

K -9 The heat balance of a boiler installation, which determines the

influx and expenditure of heat, is its performance index. The expendi-

ture side of the balance includes all productive expenditure going for

the performance of work and unproductive expenditure, which is com-

posed of the various heat losses. If the heat introduced into the fire-

box (which is equal to the heat of combustion of the fuel in question)

is taken as 100, the productive and unproductive consumptions observed

with a liquid fuel are distributed approximately as shown in Fig. 168.

The unproductive losses are by no means a constant quantity. Heat

losses can and should be reduced by efficient utilization of the heat

wastes, selection of an efficient combustion mode, improving the heat

insulation of the boiler installation, and so forth.

To raise the operating efficiency of the installation, it is

necessary tq observe exactly the operating procedure for the boiler and

to maintain the heating surface in proper order at all times. Practi-

"cal experience has shown, for example, that cleaning the heating sur-

face and maintaining it in the proper condition is alone sufficient to

increase the productivity of the installation by 10% or more. Air

blown by ventilators is fed into the ash pit of the firebox to support

combustion.

Completeness of combustion is achieved by thorough mixing of the

,-- fuel particles with air. Consequently, the smaller the fuel particles

composing the fuel-air mixture, the more complete will be the com-

t..bustion proc*es.

< A necessary condition for normal operation of a boiler installa-

ticn is completeness of fuel combustion with the smallest practically
•., , t

feasible air excess. "o
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;.. co :mplet oueness ofcobuton-Ol53 fo

AWJ#UUglumR(53.5/

Fig. 168. Heat balance of boiler instal-
lation. 1) Losses; 2) from mechanical in-
completeness of com-bustion0-0.1% 3) from
"chemical incompleteness of combustion
1.5-3.5%; 4) due to radiation 2.0-10.0%;
5) utilized; 6) introduced into firebox

• "100%; 7) losses with exhaust gases 10-25%.

.I The combustion temperature of the fuel-

air mixture varies as a function of excess

- - - air. The relationship between these para-

6 meters is shown in Fig. 169, where the fuel

S - - -• is mazout with an actual water content of

0.3% and a VU5 o viscosity of 6 with mechan-
,ical atomization.

Fig. 169. Curve show- To a major degree, the completeness of
Ing combustion tem-
perature of fuel-air combustion of mazouts depends on their
mixture as a function
of excess-air ratio.
1) Comustion tempera- quality. Heavy mazoutu, and cracking mazouts

i): ture, 8C; 2) excess-tuprao 0;2)-In particular, which contain up to 14-16%
air ratio.

of% anphaltenes, carbenes and carbolds, do

not burn completely and produce deposits on the tube surfaces. The

smaller the tendancy of the fuel to produce products of incomplete

" combustion, the more economically and reliably will the installation

perform. Various addive i are introduced Into mazouts abroad to en-

sure completeness of combustion. According to N.A. Butkov, one such

additive - Pyrolln - consists almost entirely of aromatic hydrocarbons
"590



with the low crystallization temperature of naphthalene homologs. It

is assumed that the most complete combustion of' mazouts with Pyrolin

added is achieved by reducing the tendency of resinous alphalt and

higher aromatic compounds in the mazout to polymerization and condensa-

tion reactions.

A number of other additives are also known; these are produced

under the trade names Dislip F, Fuelslip, Nalco, and so forth. The

additive ekstsit (sic; Excite? X-ite?1, which, according to the VTI,

*:' consists basically of 70% NaCl and 20% (NH1 ) 2S04 (3], is used in the

USA.

The domestic additive Ekoton has the following composition: 1.5%

of elementary sulfur, 79.5% NaCI, 5% (NH 4 )2S04 , 6.5% Al(OH) 3 , 3% Zn0,

3% CuO, 1-0% FeSO4 and 0.5% H20 [3].

In 1957, under the supervision of N.A. Butkov, the Soviet additive

"vnii np-102 was developed to permit more efficient combustion of high-

viscosity sulfur-containing mazouts. Tests of the additive conducted

during 1958 by naval vessels confirmed its effectivcness. It was es-

.. tablished that the additive improves the combustion process, reduces

heat losses due to chemical incompleteness of combustion, and reduces

"nozzle cokability and the amount of soot and scale formed on the

heating surfaces to a considerable degree.

Liquid boiler fuel, which represents the heavy petroleum residues

of refining (direct distillation and cracking) together with products

or thermal refining of coals. and fuel shales, is used for combustion

" in marine fireboxes, the fireboxes of aLtatLl•ary boiler Installations,

and for tchnLcal purposes (in steol emoltlng and In thomal, heating

5: and other Industrial furnaces). At times, raw heavy petroleums that

are deficient in the light fractions are used as boiler fuels.

.No single approved classification has been established ror llqu!"d
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boiler fuels. The liquid boiler fuels produced by the industry may be

"classified on the basis of origin, sulfur content, and field of ap-

plication. In accordance with their origin, boiler fuels are classi-

fied as follows:

1) petroleum boiler fuels# which are residual products of petrole-

um refining (direct distillation and cracking) or raw petroleums that

cannot be used for refining for a variety of reasons;

2) coal fuels - residual products from the distillation of tars

obtained in semicoking of coals;

3) shale fuels - neutralized shale tars (shale oil) produced in

"semicoking of shales in internally heated furnaces.

Mazouts are classified as follows on the basis of sulfur content:

1) low-sulfur mazouts, containing no more than 0.5% sulfur;

*- 2) sulfur-contailning mazcuts - sulfur content not above 1%;

3) high-sulfur mazouts, containing up to 3.5% of sulfur.

On the basis of field of application, liquid boiler fuels are

classified as follows:

1) fleet mazout - of petroleum origin, with properties elevated

for vessels and ships of the navy and fishing fleet;

2) fuel msaout (petroleum fuel, heavy petroleums, shale and coal

mazoutG), which is uued for stationary boilers, •ndustrial fumraces,

and ships of the navy and fishing fleet.

As tegari*& co-poo;tion and the type of raw mater'ial, Nuel mazouts

are ciazalled as low-parafrIn and pararfin-contalning. Further,

.straight-ruin mazouta and crackIng mazouta are di•A-ngulahed, the

latten- being a r-sldte of the cracking p:•ocess.

"BASIC PROP2-1TIES O? LIQUID SOILn- 5UFUUS
The spec ficationa laid down for the quality of boiler fuels are

detemn-d by a dnmber of physlcoche=ical Indices; heat of combustion,
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viscosity, flash and pour points, content of mechanical impurities,

"ash, sulfur, water, and gummy suostances. These boiler-fuel quality

indices characterize their operational properties and make it possible -:.

to select the field and conditions for application of the various

fuel grades.

Heat of Combustion

"One of the basic factors that enable us to judge the quality of

"a fuel is its heat of combustion. This determines the possibility of

increasing the thermal stress in the firebox volume and the specific

fuel consumption.

For fuels used on seagoing vessels, the heat of combustion is of

particularly great importance, since it makes it possible to increase

the sailing range with a given weight of fuel taken into the bunkers.

At the present time, heat-of-combustion specifications are in-

cluded in the GOST technical specifications; for fleet mazouts, non-

conformity of the combustion-heat specifications to the technical

.. specifications constitutes one reason for rejection.

The heats of combustion of fuels depend on their elementary com-

position, which is different for different fuel grades. A high heat

of combustion is ensured in liquid fuels by a high H:C ratio in them

and a low ash content.

The oxygen, nitrogen and sulfur that are included in the ele-

mentary composition of a fuel reduce the fuel's heat of combustion,

as do the moisture W and the noncombustible mineral substances (ash) A

present in it, the latter representing the fuel's ballast.

In thermal-enhineering oaloulatio.ne end evaluation or' boiler, fuels,

they are characterized by:

a) the working mass of the fuel, which indicates what fuel Is

being fed into the firebox:
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S+o UP +, OP+ N? + Sl+ A" + wv;= ioo•%ý

b) the dry (dehydrated) mass of the fuel:

"C" + U++H +OP N'+Sa+A iO00%;

c) the combustible mass of the fuel, which represents the water-

and ash-free composition of the fuelt

.C+H'+ oW + O+ + s•N=SO0%..

In these formulas, the superscripts r, s and g denote the working,

"dry and combustible masses of the fuel, while S1 is the volatile com-

-': bustible sulfur. Thermal calculations for boilers are normally based

- on the working mass of the fuel.

TABLE 130
Elementary Composition of Various Grades of
lMazout

* 0pAYRT W, j AP, C lip, i(O--N

?4MaayT 0 TORT ii 12 %. 2 • • 0.94 0,03 84,68 12,05 0.71 1,59
f .aiy'r CopniiUcRu 12 0. 30,1 %03 85.74 11,10 2,05 0,92,NYTCOP111TURT0611WH 0 OOO 0.03 84.87 1t148 24 1.8t

Ma3YT COPU*NCTNAmpn 40 5. 0.0 002 85415 10.75 2.00 2A0
man cuR .UT ... . 0* 0,058 M,16 0A

-ft

1) Product; 2) fleet mazout 12; 3) sulfur
mazout 12; 4) firebox sulfur mazout 20; 5)
firebox sulfur mazout 40; 6) Yarega petroleum.

"The elementary composition of boiler fuels undergoes considerable

chan6e as a result of deeper-reaching refining processes and the use

,* of sulfur-containing raw materials. The higher the viscosity and

specific gravity of a :.azout, the higher will br, the carton content

in it and the lower its hydrogen content. Moreover, the contents of

sulfur, oxygen and nitrogen are elevated in the more viscous mazouts.

Viscous cracking mazouts contain from 87.0 to 88.5% carbon and from

10.5 to 11.5% hydrogen. Low-viscosity mazouts accordingly contain from

83.5 to 85.5% of carbon and from 11.4 to 12.2% of hydrogen. The sul-
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fur content in viscous cracking mazouts from nonsulfurous petroleums

may reach 1%, and 3.5% in sulfurous mazouts (Table 130).

Knowing the elementary composition of a fuel, we may determine its .

heat of combustion from empirical formulas. The most widely used formu-

la among us is that of D.I. Mendeleyev (page 198, Chapter 7).

The heat of combustion is determined with greater accuracy by ex-

periment, using a bomb calorimeter (see Chapter 3). The heat of com-

bustion of the combustible mass of viscous cracking mazouts is lower

than that of straight-run mazouts by 2-3.5%. The difference between

the heats of combustion of sulfurous and low-sulfur mazouts of the

same grades is as high as 2%

As the specific gravity of liquid fuel changes, its heat of com-

bustion also changes. The heavier the fuel, the smaller will be its

unit-weight heat of combustion. According to GOST specifications, the

heat of combustion of fleet mazouts must be no lower than 9870 kcal/kg.

The heat of combustion of firebox mazouts depends on their grade and

the raw material from which they were produced. The lowest heat of

combustion, 9450 kcal/kg, has been set for mazout 200, which comes

from high-sulfur raw material.

Apart from the unit-weight heat of combustion, the heat of com-

bustion computed for unit volume is also of considerable interest to

the operations engineer; it is determined by the formula

K.m Qudkcal/liter

The unit-volume heat of combustion of cracking mazouts is normally

higher than that of straight-run mazouts.

For purposes of comparison, and for resolving questions that

arise when one grade of fuel Is to be replaced by another, as well as

""for establishment- of fuel-consumption norms and planning fuel require-

ments, a conventional unit of heat of combustion equal to 7000 kcal/kg
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has been introduced.

A fuel with a working-mass heat of combustion of 7000 kcal/kg is

known as conventional fuel.

The qualities of fuels are compared on the basis of the fuel

calorific equivalent, which is determined by the formula

49 7000

The calorific equivalent is -1.4 for mazout.

The necessary consumption of a liquid boiler fuel can be estab-

lished proceeding from the total useful expenditure of heat, the heat

of combustion, and the efficiency of the boiler or furnace:

. where B is the fuel comsumption in kg, Q-ol is the useful heat expen-

diture, Qn is the lower-limit heat of combustion of the fuel, and , is

the efficiency of the boiler or furnace.

Viscosity of Liquid Boiler Fuels

Like heat of combustion, viscosity is a basic technical property

of mazouts that determines the possibility and conditions of using

them.

The viscosity of mazouts has been adopted as a basic index for

"grading them. It is measured with a standard viscosimeter and the,

viscosity value is given in VU degrees. The viscosity of boiler fuels

-K" is determined for different temperatures: for fleet-grade FS-5 and

•. F-12 mazouts at 50 , for F-20 at 75°, and for petroleum fuel (mazout)

at 800, except for mazout 200, whose viscosity is determined at 1000.

The viscosity values found for the mazouts at these temperatures do

not enable us to form Judgments as to their viscosity-temperature

characteristics.

4 ., At the same time, the difficulties that arise in conducting
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operations involving the use of mazouts, such as shipping, transfer

from railroad tank cars, tankers and barges, pumping through storage-

dump lines and pipelines in ships, are governed by the viscosity pro- ,.

perties of the mazouts to a greater extent than by the pour point.

Figure 170 shows curves of the viscosity of mazouts as a function

of temperature in the range of above-zero temperatures. It can be

seen that in the region of high temperatures - from approximately 500

on up - the curves for mazouts of various grades are shallow and the

viscosities vary only slightly as a function of temperature. As a

rule, the absolute viscosity figures will be the larger the heavier

the fuel and the higher its gum content. At temperatures of the order

0"of 90-100°, the viscosities of various grades of mazout are closely

similar.

For normal combustion of liquid boiler fuels using nozzles, and

to ensure uniform feed of fuel to them, the viscosities of fuels should

not exceed a certain limit. This requirement is connected with the

influence of viscosity on the fineness and uniformity of fuel atomiza-

tion.

It will be seen from Fig. 171 that the higher the viscosity, the

greater will be the average diameter of the droplet. Deterioration of

atomization fineness brings with it a rise in smokiness of the ex-

haust due to incomplete combustion and increased fuel consumption.

"Specific mazout vi)cosities are required for the various types of

nozzles and maintained by heating the fuels in the oil preheaters.

The preheating temperature selected depends on the grade of fuel.

The required limiting viscosities for the various grades of

mazouts and their preheating temperatures are listed by A.I. Dvoretskiy

* • [5] as functions of nozzle type. According to the data given, mazout

-viscosities no higher than 10 VU are recommended for steam nozzles
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and no higher than 60 VU for mechanical nozzles; here, the preheating

temperature of the mazouts varies from 450 to 100 depending onf

grade. For boiler installations with elevated parameters, steam-nozzle

mazout viscosities of about 70'VU are recommended; for mechanical

nozzles, the figure is about 40 VU.........

,::; :fO 
"'-'

Jr

A

3 0O :L, 40 50. 0 70 W

B Temfllpatl!pa,Cv

Fig. 170. Curves showing boiler-fuel
viscosities as functions of tempera-
ture. 1, 2, 3, 4,) Gr~de 80, 60, 40
and 20 firebox razouts; 5) yarega
petroleum; 6) shale mazout; 7) fleet
""mazout 12. A) Viscosity, degrees VU;
B) temperature, degrees C.

The viscosity of the mazouts is usually even lower for mechani-

,. cal nozzles used in the boiler installations of seagoing vessels

than for stationary installations, and does not exceed 2-30 VU; to en-

sure this viscosity, fleet mazouts are heated as follows: FS-5 to 65-

750, F-12 and F-20 to 1000. The preheating temperature of the mazout

is easily found from the mazout-viscosity nomogram [6] if the grade of

* . mazout and the necessary viscosity for the nozzle are known.

Normal operation of boiler installations is ensured, even on
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S. heavy cracking residues, semiasphalts

and petroleum asphalts, i.e., on fuels

zoo[ - having viscosities 5-10 times higher at

#;) totoo,800 than those of ordinary commercial

"Fig. ,mazouts (7, 83, by preliminary heating
•:.'. '-',Fig. 171. Influence of171. Inluenceof the fuel to obtain the required vis-

viscosity on average drop-
"let diameter in atomiza-
tion. A) Average fuel- cosity.
droplet diameter, 4; B) In the region of depressed tempera-
viscosity, VU.

0
tures from +50 down (see Fig.170), the

viscosities of the various mazouts vary differently, and even minor

temperature variations may produce a sharp change in the slope of the

viscosity curve. At these temperatures, the viscosities of mazouts

depend on many factors: the quality of the raw material, the produc-

tion method, the depth from which fuel is taken, and the paraffin and

"gum contents. Under these conditions, the absolute viscosity values

and the nature of the viscosity are of importance in evaluating the

mobility of the mazouts.

Straight-run mazouts, nonparaffinic types derived from low-sulfur

raw material, have a shallow viscosity-temperature curve to 0 , and

the viscosity does not rise particularly sharply even at temperatures

0
below 0 . Since they have a low pour point, shipping and transfer are

relatively simple at temperatures around 00.

The viscosity of nonparaffinic cracking mazouts increases more

rapidly with falling temperature than that of straight-run mazouts.

At the same time, despite the rather high viscosities, cracking

K....,mazouts do not relinquish their mobility even at temperatures near

the pour point. In this case, the viscosity increases due to thicken-

ing, i.e., due to the increase In the viscosity of the noncrystalliz-

"Ing hydrocarbons of Lhe fuel, which make up the major part of its
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hydrocarbon component.

Cracking mazouts can be transferred without any special preheating

even at temperatures near the pour point, when a pump is used, and can

be drained from railroad tank cars with only slight preheating.

Unlike the types discussed above, it is characteristic for paraf-

finic mazouts that together with the increase in viscosity with di-

minishing temperature, the ultimate shear stress increases sharply.

According to G.I. Fuks, a static shear stress appears at about 200 in

a paraffinic mazout, while it is not registered even at 00 in a crack-

ing mazout.

In this case, we observe solidification of the product the re-

sult of crystallization of the high-melting, chiefly paraffinic hy-

drocarbons present in it, which create a crystalline skeleton (struc-

"* ture) that renders the liquid phase immobile or mobile only with dif-

• .ficulty. Consequently, drainage and pump transfers of paraffinic

. mazouts at low temperatures require preheating above the pour point.

Pipeline transport of high-viscosity and paraffinic mazouts,

particularly in cases of long pipelines, is possible only with con- .

tinuous pumping at a rate no lower than 1-1.5 m/sec. When pumping

ceases, it is necessary to take measures to maintain the temperature

of the mazout in the pipeline or to empty the pipeline (by incline

drainage, air blowout, pumping a lighter fuel through or by use of a

suction pump).

Mazouts produced in refining of sulfur-containing petroleums con-

tain considerable quantities of paraffins and gummy asphaltic sub- -*

stances (Table 131), with the result that as the temperature falls,

they not only show increased viscosity, but also lose their mobility

(fluidity), usually at temperatures higher than the pour point as de-

"termined by the standard method. In this case, the viscosities change
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TABLE 131
Viscosity-Temperature Characterization of Mazouts at Low Temperatures

flaa~nM 8 BuSxoCT16 (D *BY) UpS oMUnopAType, OC

2 76 °
2 6 7 50 20 10 0 -t04~an • a r 5 N O Ac, t,.

% ~ pai XeToAoM SACOP6- %-

Sanoaen- u An 9 10
Moro- HA

roxan~a, yrne, MAKO. MUS. MAIM. MUS. xAXO. lIEU.

I Manocepmemu 1,02 5,08 i1,06 0,14 %1,4 95,3 366 267 1000 728 4564 2 920
MaayT 0-12

,psuofl rouxm

"12
2 Cepuno= .2,54 13,10 9,47 4,8 12 t47,2 36868 903 17736 3274 52382 10133

-"xpemxlnr-
maayT 12

3 Cepuriup t 1,0 7,0 9,8 0,94 4,48 W3,4 468 189 3528 551 21132 2587

upudo romn

1) Specimen No.; 2) mazout; 3) paraffins, determined by; 4) Zalozetskiy-
Goland method, %; 5) adsorption on carbon, %; 6) tars, %; 7) asphal-
tines, %; 8) viscosity (in VU) at temperature of ( C); 9) maximum;
10) minimum; 11) straight-run low-sulfur F-12 mazout; 12) sulfur-con-
taining cracking mazout 12; 13) straight-run FS-5 sulfur mazout.

as a result of thickening and solidification.

At temperatures from 100 down, the viscosities of sulfur-con-

taining mazouts are much higher than those of nonsulfurous mazouts.

At these temperatures, the nature of viscosity is also of importance

for sulfurous mazouts. Table 2 presents data given by the author of

[9] that characterize the presence and magnitude of two viscosity

values for low-sulfur and sulfurous mazouts - the structural and

residual viscosities (which correspond to the undisturbed maximum

-.. and disturbed minimum structures).

At temperatures of 100 and below, the appearance of structural

viscosity is noted in all of the mazout specimens investigated. In
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low-sulfur straight-run mazout (specimen 1), signs of structure forma-

tion are also detected, although the ratio of maximum to minimum vis-

cosity does not exceed 1.4-1.6 and the numerical values of the struc-

tural and residual viscosity are of the same order.

In sulfurous straight-run and cracking maouts, struOture rorma-

"tion is particularly strongly manifested (Fig. 172). For these pro-

ducts, the above ratio reaches 5-7 even at 00, while at l0° it is

even larger. The absolute viscosity values of straight-run sulfurous

mazout at low temperatures are considerably lower than the viscosities

of cracking mazout, but exceed those for low-sulfur mazout.

The viscosity increase associated with the formation of structure

is quite detrimental to the pumpability of the mazouts at low tempera-

tures. The results of measurements conducted on a laboratory pumping

apparatus may give zome idea of the influence of a mazout's viscosity

properties on its pumpability. The curves shown on the diagram (Fig.

173) correspond to the mazouts whose viscosity properties are listed

0in Table 131. It can be seen that at a temperature below 20 , the

pumpability of the sulfurous cracking mazout (curve 3) is smaller by

a factor of 2.0-2.5 than that of a mazout (curve 1) whose viscosity

at 500 is the same. The pumpability of the low-viscosity sulfurous

mazout (curve 2) is also found to be lower at temperatures below 100

than that of the mazout of curve 1.

When mazouts are used on seagoing vessels, the fuel in some of

the tanks assumes the temperature of the outboard water (10-150 in

summer and below 00 in winter)

ft. Local preheating is applied on seagoing vessels to reduce via-

"* •- cosity at these temperatures. Here, the mazout is heated only in the

S.--.. region of the pump's intake tube in the tank, and the great mass of --

the mazout arrives at the pickup without preheating. The limited di-
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mensions of small-boat fuel tanks and the

1200 . impossibility of installing high-capacity

preheating devices in them make it necessary*..:-.

. ,oo to set forth high specifications as regards

$go. the viscosity properties of the boiler

' fuels for seagoing vessels at temperatures

A below 200.

At the present time, the viscosity
' "-10 0 10 20

"B re.,,,pam,,e.C of FS-5 sulfurous mazout is specified by

0.ig. 172. Viscosity the GOST regulations not only for 50°, but
curves low-sulfur also for temperatures of 100 and 00 The

* . -' and sulfurous mazouts
* at low temperatures.

I) Fleet mazout F-12, viscosity values established here corres-SstrFleet razun, F102=
straight run, V50 pond to the viscosities of straight-run
= 12 (from low-sulfur
petroleums); 2) fleet F-12 low-sulfur mazout as obtained at the
mazout, straight run,
VU5 0 = 4.38 (from sul- same temperatures.
furous petroleum) When boiler fuels are produced at the

.. maks = 1465 (-10); 3)
cracking mazout, VUso = refineries, and during loading, unloading
pet12 (from sulfurous and shipping operations, they undergo re-

* ¾ ptrolem), maks
= 3813 (-10); a) vis- peated cooling and heating, and this may
cosity with undis-
turbed structure; b) affect their viscosity-temperature charac-
viscosity with dis-
turbed structure. A) teristics. According to N.I. Chernozhukov,
Viscosity, po~ses; B)
temperature, !C. N.M. Guttsayt, and K.I. Ivanov and other

sources, the viscosities of cracking mazouts and paraffinic strasight-

"run mazouts are not constant and depend on prior heat treatment and the

degree to which structure has been disturbed.

Experimenta to determine the influenoe of heat treatment (at

temperatures from +20 to +1500) on the viscosity properties of sul-

.4 furous mazouts have shown that the viscosities of mazouts vary dif-

•. rently as functions of prior heating temperature. The viscosities

- 603 -
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/toc - vary most sharply with heating temperatures

goo from 70 to 100°; further increases in the
~800 _M/

7 "00 heat-treatment temperature above 100° show no
600 - noticeable influence on the viscosity varia-

~ QC -tion, Preliminary heat treatment lowers the

t oof
00 -- -, temperature at which a distinctly manifest

. 5 . structure appears in the mazout by almost 200
B rem.nepall^ "c

Fig. 173. Pumpabil- The influence of heat treatment on the
ity of mazouts as a.=• !function of tempera-functu n of dtermpner viscosity of a sulfurous cracking mazout at
ture, as determined
on laboratory appa- a temperature of 1000 for 30 minutes is shown
ratus. 1) Straight-
run F-12 mazout2< " VU50 ii.4; 2)in Table 132..
(VU 11.4); 2)
straight-run sulfur- It will bte-seen from Table 132 that pre-
"ous FS-5 mazout
(VU = 4.48); 3) liminary heat treatment reduces the viscosity

"*" F-12 sulfurous
cracking mazout of the mazout sharply in the initial period.

.cV50= 12). A) out- The viscosity drop is associated primarily,., put, g/min% B) tem-
"perature, C. with melting of solid paraffins and ceresin,

TABLE 132
Influence of Heat Treatment on Viscosity Pro-
perties of Cracking Mazout With VU5 0 = 11.84

249MO %D*Y) Ups
06pi3m~

CTC1UOCAtO 1PMO~OP16Otma32 1~5 N, 12169, I CYlTK UOCUopM" a6o*rPA .. 1. *424 ti I ?-i M 08• Np 2 cytox uoc'u Te~OpawOia , ? t ".•- I, l

1) Specimen; 2) viscosity (in OVU) at; 3) be-
fore heat treatment; 4) me .•,, after heat
treatment; 5) one day after heat .reatment; 6)
22 days after heat treatment,

- and is the greater the higher the treatment temperature. The viscosity

,'4'. of the mazout rose during subsequent storage and had been completely

.. -,.604-
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restored after several days. In this case, distinctly expressed thixo-

tropic properties appear in the paraffinic mazouts.

Knowledge of the viscosity-temperature properties of the mazouts

and the effect of heat treatment on them enables us to apply technical

skill to solution of problems related to the transfer, storage and

preheating of mazouts under operational conditions.

Mazouts stored for the winter Ln railroad

tank cars at oil dumps may assume the tempera-

*ture of the outside air. Observations made by

.~IYe.K. Smirnov [10] on the temperature drop

in mazouts 40 and 80 in winter shipment in

fou ------ loa akC=.-- l- adbe

*~6 do Wemh~m' -laded at ternperatures of' +60 and +7q0 showed

that after 110 hours en route, the temperature
Fig. 174. viscosity0
characteristic of of both mazout grades was -100 while after
watered fuel. 1) Dry
boiler fuel; 2) 230 hours it had become equal to the tempera-
boiler fuel with 15%
water content. A) ture or the outside air (-i5O) At such low

C Conventional viscos-
ity, degreez; 0B) temperatures, the viscosities of mazouts reach

tempratres . -rather high values (see Table 131) and drain-

age of the mazouts from the tanks can be effected only after preheat.

ine.

The heating temperatures recommended by G.M. Origoryan (63 for

inazouts to provide for drainage from railroad tank cars unfortunately

do not take into account the Influence of the heating temperature on

the viscosity properties and pour points of the mazouts. To facilitate

al suboequent operations per'formed in storage with the masoutes, it La
* 4*

necessary to heat them to 70-800 At these temperatures, the influence

of pi'eviouc heat treatment Is nullified and the viscosity-temperatuae

properties of the inazouts are Improved. En view of the fact that th
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TABLE 133
Viscosities of Dry Watered Mazouts at Various
Temperatures

M n'--- . I iL' - -

56/r 4.44 1,1 4.5 4 117.2
5 ePu kW x nU"N ia3y? 0612, oGPaest 2. 5/ MS 11,2 1

CpUUCT~,J~ (i/a 3,8 11,2 53, 1tI4

5 4.11 11.7 2746 Cep-ucTuii xpxmu.r.uaaYT 20 .6./. * 1... .0' I.) tO,5 572
7 CPOU~w UaYT p"mKK405 1 G14 124.0 11M. C91A47 Cpacni Nsyup~o buR 0 .. .6/3 MI6 S 125, 494

5 MA.6 314 - SOL?78 xNtea cpucma uazyT upwAuc meug 40..*6u59 38JG
/8 5.91 2M161,8

1) Mgzout; 2) water content, %; 3) viscosity
(in -VU) at; 4) F-12 sulfurous cracking mazout,
specimen 1; 5) F-12 sulfurous cracking mazout,
specimen 2; 6) sulfurous cracking mazout 20;
7) sulfurous straight-run mazout 40; 8) low-
sulfur straight-run mazout 40; 9) dry-watered
5.

* - _____ oil heaters used to preheat' the mazout

1•Jin draining it from the tank cars are

10000-not capable of delivering such high

temperatures quickly, it is advisable

A to accomplish this preheating in a neu-
'B AOOwWWw e tral tank,

SFig. 175. Viscosity ofFig.ca1k5. Viscosity o• aThe viscosities of mazouts vary as
*cracking mesidue ~t•',function of pre~aure. A)" L O0functions of their water content. Water-

Viscosity, cent ioi3e:4;
B) pressure, atmo~pheres. Ins nialouts to 2-3% has virtually no In-

-: £luence on vcosity. Mazouts ccntaining up to 5% of water show a via-
cosity increase particularly sharply at temperatu.ea of 30 and below

(Table 133). The v•scositleu oC cracking mxaiouts inrease to greater

degrees on watering than do those of stralght-run mazouts. The greater

the water contekit In the Ma•outa, the move significant Is the viscoSIty

increase. Fieure 174 prosents viacosity-tempeiature curves tor dry

crack-Aing mi-outs and cracking mazouts containing up to 15% of water
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[11]. In this case, the viscosity of the watered mazout had increased

by a factor of approximately 6 even:at 500. As the temperature drops,

the difference between the viscosities of dry and watered mazout be--

comes even more striking.

The viscosity of a petroleum product also depends on the pressure

to which it is subject. Viscosity rises with increasing pressure. At

very high pressures, the viscosity nfay increase quite significantly.

Z.I. Geller [12] studied the influence of pressure on the vis-

cosity of cracking residues in the pressure range from 1 to 20 atmos-

pheres at temperatures from 104 to 151 and in the pressure interval

from 1 to 150 atmospheres at a temperature of 1750 (Fig. 175).

The data obtained indicated that at pressures from 15-20 atmos-

pheres, which are normally used in steam-boiler fireboxes for mechani-

cal atomization of the fuel, the viscosities of cracking residues in-

crease by 2.5-3.5% as compared with the viscosity at atmospheric

pressure.

In analyzing the atomization process and in calculations for the

design of heat-exchange apparatus, this viscosity increase may be

omitted from consideration, since the absolute viscosity of mazout

changes only insignificantly at high temperatures.

Surface Tension

Like viscosity, surface tension exerts considerable influence on

atomization quality and the completeness of combustion of liquid

boiler fuels. The surface tension is the force (ergs/cm or dynes/cm)

with which a liquid resists an increase in surface area. The higher

the surface tension, the larger the size of the fuel droplet sprayed

from the nozzle, the more difficult does it become to achieve fine

"atomization and good mixing of the fuel with air, and the poorer the

.'. combustion of the fuel. The incompleteness of combustion that is ob-
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served results in smoking, formation of carbon black, and deposition

of coke on the waterheating tubing of the boiler, so that the efficien-

.-. cy of the installation declines and fuel consumption increases.

-7-• o'- .- I
- '. 30 I°

I I "-

4i, 0 so 6 70 M0 9o 0 :.
B/ecngpomwa, C

Fig. 176. Curves showing surface
tension of mazouts as a function
of temperature. 1) Sulfurous
firebox (cracking) mazout, VUso =

* - -60; 2) same, VU50 - 20; 3) same,

VU50 14.1; 4) sulfurous fleet

"(cracking) mazout, VU5 0  12.0;

5) same, VU = 11.4; 6) straight-

run sulfurous fleet mazout, VU5 0 =

- 4.38; 7) same, VU5 0 = 4.48; 8)

low-sulfur fleet mazout VUo = 12.

A) Surface te 8 sion, ergs/cm2 ; B)
temperature, C.

Surface tension depends on a number of factors, most important

among which are the temperature and nature of the liquid and of the,

phases in cont ct with it. For liquid boiler fuels, surface tension

j is a linear function that diminishes with increasing temperature. The

surface tension of mazouts diminishes much more slowly with increasing

temperature than doea their viscosity for the same temperature increase.

Normally, viscous mazouts possess higher surface tensions (Fig. 176)

than low-viscosity mazouts. This difference is small and not as strik-

ing as might be expected on the basis of the mazout viscosities. Comr-

parison of two mazout grades, a viscous grade with VU 20 and a
" .6t50
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low-viscosity grade with VU5 0 = 4.38, indicates that while the 500

viscosity of one mazout exceeds that of the other by a factor of 5,

the surface-tension difference between these mazouts is no greater

than 9%. According to Z.I. Geller [12], the surface tension of high-

viscosity cracking residues diminishes by 4-4.5% as the temperature is

raised from 900 to 1200, while their viscosities decline by a factor

of 3-5. There is no single-valued relationship between viscosity and

surface tension, and sometimes a lower-viscosity mazout has a higher

surface tension than a mazout with higher viscosity. This indicates

that the surf~ace tension of boiler fuels also depends on their chemi-

cal composition, i.e., on the presence of polar compounds (oxygen,

sulfur and nitrogen compounds).

Pour Point.

The pour point of liquid boiler fuels is usually taken as the

basic parameter indicating the lowest temperature at which mobility

of the fuel is ensured together with the possibility of draining and

transferring it without previous warming.

The pour points of mazouts depend on the chemical nature of the

raw material, the extent to which the light fractions have been ex-

tracted from the raw material, and the production method (straight

distillation or cracking). The pour points of straight-run mazouts

produced from paraffinic petroleums are usually much higher than those

"of mazouts produced from naphthenoaromatic petroleums. Increasing the

"depth" to which the raw material is refined and the viscosities of

the mazouts has the effect of raising their pour points.

It is necessary to note that the pour points of mazouts as de-

"termined by the standard method give only a relative conception of

this characteristic of the fuel and may differ sharply from the actual

K.. pour point of the product under operational conditions. This is ac-
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counted for by the fact that the pour points of mazouts depend to a [7

considerable degree on heat-treatment conditions, i.e., on the heating

* . temperature, the duration of heating, and cooling rate.

It has long been known that the pour point of a mazout depends on

-•the extent of previous heating, although the laws involved in this

S, phenomenon have not been exhaustively studied. Heat treatment has a

shF.rp effect on the temperature at which the mazout loses mobility

S.......... (solidifies).

Depending on the previous heating temperature of a mazout, it may

lose mobility at both high and low temperatures, i.e., it may have

both maximum and minimum pour points.

Maximum pour points may be reached in various grades of mazouts

with prior heating temperatures from 30 to 700, depending on chemical

- composition and production process. (Only the standard method of de-

termining the pour points of mazouts provides for preliminary heating

to 500.)

• Paraffinic mazouts are characterized by a maximum increase in

, pour point after heating to 60-700 In cracking mazouts, it appears

at lower treatment temperatures (20-300).

Increasing the treatment temperature of paraffinic and cracking

mazouts lowers the pour point. The minimum pour point can be produced

by heating the mazouts to 80-100°•

1Fleet mazouts, and particularly those produced from sulfur-bearing

petroleums, are also liable to the influence of prior heat treatment.

Low-sulfur mazouts have maximum pour points whose values are usually

negative after heat treatment at 50-60°. Their minimum pour points

0
occur after heating to 70-90°. Heat treatment has no influence on

fleet mazouts with pour points of -280 and lower (defined in accord-

ance with GOST). The straight-run sulfurous fleet mazout FS-5 usually

-610-
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- - -has its maximum pour point after heating

..-- -- to 40-500, and the corresponding figures

__ 2for sulfurous cracking mazout are 20-30.

2`
.- With rising heating temperature, the pour

.-20 -- points of cracking mazouts drop off quite

k30 consistently and reach their minimal
V0 30 50 70 90 110 130

• BTr~nn~xmyp mepDoo~omku:C values after heating to 90-100' (Fig. 177).

177.aPOUra onint of Raising the heating temperature of the
mazouts as a function
of prior heating tem- 0" par 1L sfmazouts further to 130-150 has no influ-•'-• perature. 1) Low-sulfur

ma ,VU0 1(pour ence on-pour point. The duration of heat

point -19°)i 2) sulfur-
ous cracking mazout, treatment also has a noticeable influence
VU" 12 (pour point

+3 ); 3) straight-run on pour point.

sulfurous mazout,sulfur4.38m(pour, poiAs shown by the data listed in TableS VU - 4.38 (pour point. ~52-

"-14); 4) sulfurous 134, increasing the preliminary heating
"cracking mazout, VU5 0 =
"'= 12.8 (pour point +5°. time results for a number of mazouts in

"A) Pour point, C; B) a sharp drop in pour point.
heat-t~eatment tempera-
ture, •C. The above effects in which the pour

points of mazouts depend on heat treatment are associated with the

presence in the mazouts of solid hydrocarbons with various melting

points and tarry [gummy) substances.

If the prior-heating temperature of mazouts has been lower than

the melting point of the highest-melting paraffins, the crystals of

these paraffins become crystallization centers during subsequent cool-

ing and sharply accelerate the formation of structure, with solidifi-

cation as a result.

When mazouts are heated to 90-1000, all solid paraffins are com-

pletely melted, and this inhibits subsequent structure formation; the

pour point is found to be much lower. Increasing the heating time en-

""•u'es more thorough melting of solid components.
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TABLE 134
Influence of Duration of Heat Treatment at 70
on Pour Point

Te.n'epa- TetnepaTypa ea- Z"
"Type cTDflna npi"

aayr Tpaa 'a- 3Tepuoo6pa6oTKoMa~yr TWIii no0 T81"09118n ' , .

2"C 2 qac. # o..

SCepncT•rfu Kpemnar-sla3yr 12 . . . -6 -14 -20
O Tome ... 9 -12 -- 25

.. . .- 5 -.9 . -- 23.7 HCepncmd Hpexnnr-MaayT 20 +4 -t1 -8
iMaaocep-ncmii Xa3yT 12 ...... ... .- 18 -20 -26

!6 To we .................... -20 -28 -30
S. .- 19 -22 -26
.. . ... ............... -30 -30 -30.

1) Mazout; 2) GOST pour point, °C 3) pour
point after heat treatment for; 4J hours; 5)
sulfurous cracking mazout 12; 6) same; 7) sul-
furous cracking mazout 20; 8) low-sulfur
mazout 12.

Sc .. ~The processes described are compli- K
cated by adsorption of tarry asphaltic sub-

stances onto the paraffin; these inhibit
12,
0,. -0- the formation of large paraffin crystals.

I __ - -'Like its viscosity, the pour point of
"-20""_/ 3-0 "

•0 a mazout after heat treatment (70-1000) is W-"

*A .3giO> - I
0 2 4 6 not stable, and the mazout recovers its

B gpe,•9 8weepk•,muCymiu

Fig. 178. Change in original pour point during subsequent stor-
, pour points of mazouts

over time. 1) Sulfur- age.
ous cracking ýazout
treated at 70 for 30 Figure 178 shows how restoration of the
min; 2) same, for 2
hours; 3) low-sulfur pour points progresses during time for
F-12 mazout treatsd
for 2 hours St 70 . A) mazouts that have been subjected to heating
Pour point, C; B) 0
holding time, days. to 70 and 10° Full restoration takes

place after 3-5 days. The rate of recovery

depends on the proportions and interaction of solid paraffins and

gummy substances, whose adsorption processes are quite diversified

and depend in many respects on storage conditions and the rate of
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cooling of the mazout after previous heating.

"For a given pour point in,.a mazout, the cooling rate after heating

is also of importance. The pour point is found to be much higher after •.

rapid cooling than after slow'cooling.

"Problems of pour-point constancy in mazouts are of very great

operational importance, since the pour point may be changed as a result

"of heating of the mazout for drainage or pump transfer. Consequently,

pour-point data must be approached with caution, since the posrsibility

of obtaining disagreeing values in determining the pour :.oint for a

given mazout specimen is not excluded, and this is an important con-

cern for the supplier' and user.

Despite all the above reservations, the pour point is an important

Stechnical constant of a boiler fuel for a given set of conditions. The

method of heating the tanks and mazout pipelines, the method of ship-

ping and draining the fuel, and other procedures are selected in ac-

cordance with pour point. It must be remembered, however, that the

viscosity value at low temperature provides a much more complete

characterization of the fuel's behavior than does the pour point.
The pour points of fuels must be determined after dehydration,

"since the presence of water - particularly in the case of low-viscos-

ity mazouts - affects the correctness of the determination. This will

be seen from the following figures.

1 CoOPMAaun" 3 U&SY, AX, % 0 2 5

"2 TounepaTypa aacTunau , C ........ -5 --4 0 +2- +2

Water content in mazouts, %; 2) pour point,

Flash Point

Flash point is an index for liquid boiler fuels that enables us -

to draw inferences as to the fire hazard. This index acquires par-

- 613 -
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ticular importance for fuels used in marine installations, where they

are stored in proximity to crew's quarters and the boiler installations.

Consequently, the flash point is determined in a sealed instrument for

fleet mazouts, which are basically intended for marine installations,

and is set at 80o for FS-5 and 90o for F-12 and F-20.

The flash point obtained from closed-instrument determinations is

.U-ually 30-4o0 lower than tha-tobt-alned in an open instrument, since in

the former case combustible vapors accumulate in the crucible.

"-Cracking mazouts, and low-viscosity cracking mazouts in particu-

lar, are frequently characterized by lower flash points (closed-

crucible determination) because of their content of volatile composi-

tion products, which disperse in an open instrument before there is

enough of them accumulated for ignition, so that the difference in

the determinations may be as high as 700.

In shipping and storage, the flash points of cracking mazouts "

normally rise considerably.

"For the firebox mazouts used in stationary boiler installations,

flash points up to 1400 are tolerated, depending on the fuel grade,

and are determined in the open instrument.

It has been established by N.I. Chernozhukov and A.M. Guttsayt

"that the flash points of mazouts are usually somewhat lower under con-

ditions of tank storage than those determined by the standard method

and depend on the tank capacity and the extent to which it is filled.

For this reason, it is recommended that the mazouts be heated to 10-

200 below the flash point when they are warmed up in open (unpressur-

ized) tanks.-In closed spaces that are under pressure (oil preheaters,

coils, tubing), a mazout may be heated up above the flash point.

The mazout must first be dehydrated for a flash-point determina-

tion, since even a minor quantity of water present in the fuel de-
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:7 _-7,presses the actual flash-point value noticeably; with large water

contents, the entire mass of mazout is ejected.

-Tarry Substances

The tarry substances present in boiler fuels are quitedetrimental

to their properties and complicate the conditions of operation with

them. The presence of tarry substances in mazouts is associated with

a loss in their stability, disturbance of the combustion process, and

the formation of water-and-mazout emulsions. Unfortunately, the con-

"tent of tarry subs-tartcansin.boiler fuels is to this day regulated only

for fleet mazouts and is determined by the asphalt tars. However, the

asphalt tars are a poor characteristic for the actual tar content in

the fuels and do not indicate the type of-tarry substances present.

This last piece of information is particularly necessary, since the

tars, asphaltenes and carbenes present in the mazouts with carboids

(Table 135) influence their properties in different ways. With know-

ledge of the "itemized" content of tarry substances, we may evaluate

the behavior of mazouts under operational conditions in advance.

.le It is convenient to use the cokability index of mazouts to ob-

tain some preliminary evaluation of boiler fuels as regards the re-

liability with which the firing process can be conducted, as well as

the stability of the fuels in storage. This quantity characterizes

the total content of tarry substances to a much greater degrge than do

the asphalt tars. The cokability may also be used for tentative Judg-

,.,. ments as to the fuel's content of asphaltenes, which have the most

ueverely detrimental influence on the properties of the fuels: the

groater tho asphaltene content, the higher the cokability. Cracking

mazouts are distinguished from straight-run mazouts by having higher

asphaltene contents, as well as higher contents of carbenes and car-
boids. The content may run as high as 14-15% in heavy, high-visco41%"
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-K cracking mazouts.

TABLE 135
Content of Tarry Substances in Mazouts

1, 2 p~Acoan- UPam= A14 -3_ 6
Mamynaw o, aa N l ime' IW O ROCYO

Yliperumr-Ma3yT 12 (ccptmiiofi) 10,59 4,30 0,19 40 10,22
TtpoxHinr-ata3yT 40 ....... 8,12 6,64 1.32 72 15,20

OCepnncnCiii a3yT npalt'i ron-
)Ut(FC-5 ............ .13,60 0,04 0,03 28 7,97

4., lO 0haanoepunOTcMz Ma3YT UpIRMO.
ron•n D-12 . . . . . . ... 14,03 0,11 0,03 28 5,79

1lpcrnnur-ocrarox (tasyT 200)
1121............. 6,60 14,5 M,19 - 7,160

1) Mazout; 2) tars, %; 3) asphaltenes, %, 14)
carbenes and carboids, %; 5) asphalt tars, %;
6) cokability, %; 7) cracking mazout 12 (sul-
furous); 8) cracking mazout 40; 9) sulfurous
straight-run FS-5 mazout; 10) low-sulfur
straight-run F-12 mazout; ll) cracking residue
(mazout 200) [12].

Fuels with high tarry-substance contents are usually unstable

and incompatible. During storage and on heating, an unstable fuel may

also form and precipitate tarry deposits, which may contain mechani-

cal impurities and water, entrained oil and solid paraffins.

The instability of boiler fuels is accounted for. by a number of

causes: the presence of asphaltenes-in the fuel in a colloidal dis-

persed state from which they may coagulate; by the formation of large

tarry particles as a result of chemical changes (oxidation and poly-

merization) of the tars and asphaltenes during storage and heating,

which promotes formation of the precipitate; by the discrepancy be-

tween the densities of the fuel and the tarry substances (asphaltenes

1.07-1.10, carboids 1.27-1.30), particularly on heating, when the

viscosity of the fuel drops simultaneously, thus accelerating the

settling of solid particles.

Furthermore, solid carbon-bearing particles (carbenes and car-

"boids) which settle rapidly into the precipitate, act simultaneously
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as centers for coagulation of the asphaltenes and accelerate their

precipitation.

During storage of boiler fuels and the periodic warming to which .?Z..

4 they are subjected, tarry deposits settle out rapidly. According to

M.P. Nagiyev [12], 23.6% of the carbenes and carboids precipitate in

0
5 hours at a temperature of 120 , and as much as 97% in 22 hours at

2500.

When mazout 100 is stored for 90 hours with periodic warming in

the 80-850 range, the quantity of solid impurities near the bottom

and on the heating coils is doubled (14].

Deposits may also settle out of boiler fuels on dilution of heavy

fuels with light fuels, or on addition of heavy fuels with higher

tarry-substance contents to a light-fuel. In this case, we speak of

incompatibility of the fuels [15, 16].

- -Practical experience with boiler fuels

has shown that stable boiler fuels are

"'-" 5-7f• L-\.i usually compatible. However, more precipi-

..A. tooA", too% - - tate frequently forms in mixtures of high-
-/B romBo .

C 06s-,w, cOae% viscosity fuels during storage than would

.Fig. 179. Incompatibil- be expected on the basis of the stabilities

ity of residual boiler
"fuels on mixing. 1) Ac- of the individual fuels. Figure 179 shows

S tual data; 2) calculat- the stability of a mixture of two boiler
ed data. A) Deposits,
mg; B) fuel; C) compo-Ssition by volume, •. fuels (F and C) (16]. One of the fuels

used in the mixture gives 250 mg of de-

posit, while the other produces little more than 100 mg. When they

are mixed in various proportions, the amount of sediment formed In

larger than would be expected.

Fuel incompatibility is of particular importance for seagoing =

vessels because of the possibility that they may be fueled with dif-
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1Zferent fuels at their numerous ports of call. These fuels may differ V

from one another over a very wide range of chemical composition, so

that cases in which significant quantities of sediment are formed on

mixing become possible.

Sediments that have formed reduce the useful space irnside tanks

and bunkers, reduce the efficiency of heat transfer across the heating

surfaces of steam preheaters, and clog fuel filters, mazout lines, and

oil preheaters. All this affects normal operation with them.

Secondary natural dispersion of sediments that have formed from

boiler fuels does not take place, and this process can hardly even

be conducted artificially.

Propeller-type agitators are installed abroad at tank bottoms to

prevent sedimentation; during operation, these hold the asphaltene-

carboid admixtures present in the fuel in a suspended state. The pro-

posed circulation-heating method for fuels used on seagoing vessels

also has the same objective in view [14).

The most expedient method, and the one most worthy of its name,

"is that of raising the stability and compatibility of fuels by intro-

duction of additives. The polymer dispersing additives used for this

purpose not only inhibit the growth of tar particles and prevent

their sedimentation, but also disperse and eliminate sediment that

- has already formed.

The additives also improve the firing process. The presence of

* tarry substances in the mazout and formation of sediment result in

their accumulation in the form of a solid scale at the injector

nozzle, and the channels in the core may become clogged so that the

feed of mazout is completely cut off. Intensified sparking is also

noted simultaneously with combustion of fuels having high tar con-

tents.
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The detergent additive introduced into the fuel prevents fouling

* of the nozzles, reduces sparking and allows the fuel to burn more corn-

*pletely. In the Soviet Union, tests of the vnii np-102 additive, which

is of this type, have given positive results.

Water in Fuel

"".. Water present in a boiler fuel lowers its heat of combustion, in-

creases the consumption of fuel and reduces the efficiency of the

boiler installation. In addition, this water activates the accumulation

of sediment on the bottoms of fuel tanks and upsets the combustion

regime of the fuel. Nonuniform distribution of water in the mass of

i* the fuel (in layers or in isolated pockets) may extinguish nozzles

" -" and even result in explosions in the firebox, thus putting the boiler

out of operation.

Moisture in mazouts - and sulfurous mazouts in particular - con-

tributes to accelerated corrosion of tanks, pipelines, pumps and the

like and intensifies corrosion of the boiler's heatfr• surface by the

"smoke gases due to the increase in their moisture content.

In naval vessels, watering of the maz.outs also 1esults in a drop

in the cargo-carrying cap•aity and range of the vessels. Cases of

rupture of double-bottom tanks when watered maz. its are heat~ed are

possible as a result of their vlolenw. bumping.

In the metallurgical Industry, a water content; in the mazouts

reduces the skimming of steel and prolongs the smelting cycle. For

this reason, the technical specificationF limit the admissible water

content in fleet mazouts to 1%, and that in firebox mazouts to-5%.

The petroleum refineries produoe mazovts that satifet these 6960i- 061.

c.tions and contain no more than 1-2% ')f water. In practice, however,

the mazouts a"e frequently delivered t-) the nozzles oC boiler Instal-

,. lutlons with higher water contents. The basle cause of mazout water-',"
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4, is the live-steam procedure used in preheating them to make possible

and then accelerate drainage or the mazouts from railroad tank cars

and patroleum barges, especially during the winter.

The widespread use of live eteam to preheat mazouts is accounted

for by the simplicity of the method and its high effectiveness. The

steam is fed through perforated pipes or nozzles directly into the

mazout, where, condensing, it gives up all of its heat. As a result of

live-steam heating, low-viscosity mazouts are watered to 4-12% (9, 17],

and high-viscosity firebox mazouts to 20-30% [14, 18], depending on

the temperatures of the mazout and the air, the viscosity of the

mazout, and the temperature and pressure of the steam.

Mazouts may also be watered during water transport as a result of

leaks in oil barges and seagoing vessels, during storage in underground

tanks, during surface heating, when steam gets into the mazouts through

defective heating coils, and as a result of other causes.

The most severe watering of mazouts takes place when railroad

tank cars, petroleum barges and tanks are thoroughly cleaned of resi-

dues with the use of live steam. In this case, the watering of the so-

called mazout washings may rise as high as 50-75% (18] and higher.

Hydrophobic omulslonu of the "water in oil" type form as a result

.; olo mixing of water with mazout. The dispersion medium is the mazout,

in which the water is ditPibuted in the form of ext-remely fine drop-

lets. The higher the disperslon of the emulsion, the more stable It

becomes. In turn, the dlsptrston of the omulaion depends on the Via-

cosity and denity of the mazout, the degree to which watete is mixed

" with t-he mazout, and th. quantity and n&t~xMe or the- eai1sion atab1-1£

*, laoPss (emtUsifier's)..

When water cont-aminates cazout durIng tranportatlin or zmtoraSeC

wator-=tazout ortsion4 a are tormed only when the ttter and wuzout are
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vigorously agitated (in storage reservoirs, during transfers, and in

ship tanks during heavy seas). On mixing with water, low-viscosity

mazouts form water-mazout emulsions much more rapidly than high-vis-

cosity mazouts, although the emulsions formed in either case are

usually easily broken up by heating and allowing to settle.

The emulsions obtained when mazouts are heated with live steam

are distinguished by higher stability than the emulsions formed by

mixing water and mazout. This is accounted for by the higher degree of

"dispersion due to the excellent contact between the water and mazout.

In this case, thý stability of the emulsions depends on the quantity

"- . and effectiveness of the emulsion stabilizers present in the mazouts.

"IIt was established by B.V. Losikov and the author [9) that the sta-

bilizers of water-mazout emulsions are usually asphaltenes and, some-

times, gums. The influence of asphaltenes on the stability of water-

mazout emulsions may be seen from Table 136. A cracking mazout con-

taining 4.3% of asphaltenes and watered to 15% by live steam forms a

stable emulsion that does not separate on prolonged standing and heat-

ing to 700

After removal of the asphaltenes, the mazout no longer forms a

stable emulsion and separates completely from the water. On introduc-

tion of asphaltenes extracted from cracking mazout into a low-sulfur

Smazout, the latýer forms an emulsion that yields nothing to the

emulsion of sulfurous cracking mazout as regards stability. The sta-

bilizing action of asphaltenes on water-mazout emulsions is accounted

for by the fact that the asphaltenes, which are present in a colloid-

"ally dissolved state in mazouts and possess differing wettabilitleo

by water and hydrocarbons, are readily adsorbed on the water-mazout

interface and form dense armovring films that prevent individual

drops of water from fusing into larger drops; as a result, SeLtling .
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the water from the mazout emulsion is inhibited and the stability of

the emulsion is raised.

TABLE 136
Influence of Asphaltenes on the Stability of
Water-Mazout Emulsions

BUACRUXO016O~ NOAU UOCJJ
1 YbtaayTH 2 24 mac. oGo npa 700,%

S•Oep..lH ri, xpotuinra, 13Y5,=t2 . 4•uyawiau no paccaannamcn
N|aamoe.cThifi, lnpnuofi uoporonam,

SByr.0=---1 2 .. .. ..... ...... 60
:'•: 6Cep111T.. , x~peutura, Go. ac~aab-STOIIOl . .. .. .. . . .. . . . 100

|anOceplitCTuI, 6oa ac4Cam.Tonos . 100
iOanocopIIIcmTuIA + ac8ua2Teu1O ce0l-
- UCTO..O ........ paccaa oTC

1) Mazout; 2) pater separated after 24 hours of
standing at 70 , %; 3) sulfurous, cracking,
VU5 0 = 12; 4) emulsion does not separate; 5)
low-sulfur, straight-run, VU5 o = 12; 6) sulfur-

ous, cracking, without asphaltenes; 7) low-sul-
fur, without asphaltenes; 8) low-sulfur plus
sulfurous asphaltenes.

Despite the fact that the sizes of the water globules in emulsions
"V..

usually vary over a wide range - from those that are barely discernible

under the microscope to large inclusions, the dispersion of the water

drops is considerably greater In the emulsions of sulfurous mazouts,

and the cracking mazouts in particular, than in low-sulfur mazouts

(pig. 180), and, consequently, the stability of the emulsions will

also be considerably higher.

Together with the asphaltenes, the tars also function as stabil-

izers of water-mazout emulsions, but to a considerably lesser degree.

The above is not contradicted by the data of B.P. Tonkoshkurov et al.

[20), according to whom the fox'mation of emulsions in petroleums is

associated with the stabilizing action of asphaltenes and tars.

Consequently, as a result of their elevated asphaltene contents,

: '" sulfurous mazouts (see Table 135) form the most stable emulsions,
" .'* 'a * - 622-
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Fig. 1i80. Water-mazout emulsions formed during
heating of mazout by live stea~. 1) Low-sulfur
mazout, straight run, VU5  12; 2) straight-

run sulfurous mazout, VU5  4.38; 3) sulfur-
ous cracking inazout, VU~ 12.

*which are difficult to separate by the usual standing-and-heating pro-

* *cedure. The rate of separation of water is can~siderably lower in a

sulfurous straight-run mazout than In a low-sý*.itfur product; here, the

water is separated in spiall quantities from the water-mazout emul-

sions and the water that has not separated descends from the top of

the mazout to become distributed in layers, with the maximum content

in the lower layer (up to 70%) (9).

In sulfurous cracking mazouta, the emuldsion remains virtually

undisturbed and tbe -,ater does not settle out. High-viscosity firebox

inazouts stand f~ree of w~ter particularly poorly. The factors that

comtplicate devratering of-the rk.azout In this case are the high videos-
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ities of the mazouts and the minor difference between the densities L

"of the mazout and water.

At high temperatures (110-160°), when high-viscosity mazouts show

minimal and practically constant viscosity, settling of the water is

prevented by the very small differenoe between the speciflo gravities

of the water and the mazout, and at temperatures below 1000 the water

does not separate due to the high viscosity of the mazouts (Fig. 181).

As a result, the settling rate of water droplets from firebox-mazout

emulsions is not the same for different grades, and at a given tempera-

ture the settling rate of water droplets in low-viscosity mazouts is

considerably higher than in high-viscosity products. The settling

rate of the water changes with changing temperature. A diagram show-

ing the settling rate of' water droplets with d = 0.09 mm as a function

of density and temperature for mazouts of various grades is given in

Fig 18Fig. 182.

,W g. IM 3 Hi p

. graemnppmpa, 60 2 resnponyP th

Fig. 181. Density as Fig. 182. Rate of
a function of tempera- settling of water
"ture for water and droplets with d ne
mazouts of various -0.09 mm as a
""rades [26]. 1, 2, 3) function of temr-
Viscosity curves of perature [26].
grade 80, 60 and 40 The figures on the
"mazouts. A) Density; curves denote the

B) watsr; C tempera- gradcj of mazout.

ity, VU. r-/sec. 2) tempera-
ture, C.

It has been established that the most effective dewatering of

. •.9grades 40 and 60 firebox mazouts is achieved at temperatures of 110-

-624-
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1400, and for grades 80 and 100 atO2100. Here, the water must be

separated at high pressures (up to 25 atmospheres for grade 100 mazout)

-% 1[191.

Special and expensive equipment that is not at the disposal of

.,many storage facilities and oil dumps is required to observe this

condition. Consequently, it is necessary to take all measures in

shipping, draining and using mazouts to hold watering to the lowest

possible minimum.

"Many methods and techniques have been suggested to prevent water-

Sing of mazouts when they are drained from railroad tank cars during

"the winter. The most frequently encountered practical approach is

preheating of the.mazout.s.byportable coil heaters. However, the cum-

bersomeness and great weight of the latter make it difficult to use

them, since insertion of the coils in the railway tank cars requires

"special gantries and hoist mechanisms. The basic shortcoming of the

portable coil elements, however, is the inadequate heating efficiency,
2which results from the low heat-transfer coefficient (40-50 kcal/m

"-hour-°C for high-viscosity petroleum products and 100-120 kcal/m2 "

-hour-°C for low-viscosity products) [22]. Increasing the heat-dissi-

pating surface simply increases the size and weight of the preheater.

""'For example, the N548-51 heater has a total heating surface of' 23.2
2

"m and weighs 228 kg [23].

Proposals to raise the heat-transfer coefficient by replacing

series coils by coils having turns operating in parallel, which would

accelerate drainage by a factor of 4 [21], and by the use of vibrat-

ing or, more precisely, swinging preheater elements, which would

r"raise the heat-transfer coefficient by a factor of 20 (900 kcal/m2

"* 'hour 0°C) have not come into practical use as yet.

Tank cars are equipped with steam Jackets for most efficient
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drainage of mazout (without watering and without layovers for the

tank cars). However, the number of specially equipped tank cars is

thus far quite small. With this unloading method, the mazout itself is

not actually preheated; only a surface layer of it is liquefied. Con-

sequently, drainage of a viscous mazout into a storage tank requires

steam Jacketing of the drainage troughs and gutters and headers; it

is also necessary to have the headers inclined slightly toward the K

receiving reservoir. The presence of-a receiver with this drainage

method is absolutely necessary, since the mazout is warmed in it for

subsequent pump transfer into the actual storage tank. Installation -

of the auxiliary equipment is impeding and delaying the introduction

of this drainage method.

One of the most effective countermeasures against water-mazout.

emulsions is the use of deemulsifiers. The deemulsifiers Typol, Calso-

line and others are used abroad to break up water-mazout emulsions [24].

This method is well known ana used to dewater and degum sulfur-

ous petroleums [25, 26].

It was noted earlier that mazouts form hydrophobic emulsions

with water. Emulsions of this type can be broken up with substances

that possess distinct hydrophilic properties. Reaching the water-

mazout interface, these substances are capable of lowering surface

tension and weakening and breaking up films and envelopes. The prin-

ciple on which they work in breaking up emulsions is based on phase in-

version.

With the objective of finding deemulsifiers for breaking up water -

emulsions of sulfurous mazouts, the author and I.V. Golovistikov in-

vestigated a number of products possessing hydrophilic properties. It *

S was established that the most active deemulsifiers were the substances

given the names OP-7 and OP-lO (TU 3554-53) and sodium salts of sulfoxy
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Lý1 acids (alkaline wastes formed in acid-alkali purification of oily

petroleum distillates (TU 330o-8).

Table 137 lists laboratoory data on the destruction of a stable .:.

sulfurous cracking-mazout emulsion by deemulsifiers.,As will be seen

*0 from the table, the introduction of 0.25% of the OP-7 deemulsifier

into the emulsion makes it possible to eliminate water to the required

GOST standards by settling and heating to 700.

Tests of the OP-7 deemulsifier under industrial conditions (OP-7

concentration 0.25%, standing at 500) confirmed its high quality.

It is advisable to introduce deemulsifiers into mazouts prior to

watering and formation of emulsions, i.e., at the points of production,

sirce in this case their effectiveness is higher than when they are

added to a water-mazout emulsion.

TABLE 137
Effectiveness of Deemulsifiers (settling at 700)

, b. , IMUS

.'"2" 18 12 10 85 aejyi. 0,73

0, 4 12 10 8 UOCy? 0TO,7

15.003o uia. onxoa . . . 0, 38 10 1t 44 2,6 2.0

0,5 36 09 89 0.8 0.6

1) De-emulsifier; 2) de-emulsifier content, %5 3)
settling time, hours; 4) quantity of water; 5
"introduced into mazout, cm3 ; 6) separated; 7) cm3;
8) water content in mazout after settling,
top; 10) bottom; ,l) without de-emulsifier; 12)
nones 13) tuaoes I with 0P-7 de-wma&leiters 15)
alkaline wastes.

Recently, a technique in which heavily watered high-viscosity

.mazouts and mazout washings are used without preliminary dehydration
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Si as firebox fuels for stationary boilers has acquired importance.

Stable combustion of watered high-viscosity mazouts is achieved

by creating a water-mazout emulsion with uniform distribution of the

water through the entire volume of fuel. The "water-oil" type of emul-

sion is created by the use of a high-speed mechanical disperser (11]

or by blasting live steam (compressed air) through the mazout [18].

B.V. Kantorovich et al. [11] account for the possibility of burn-

ing heavily watered mazouts (to 30%) by the specific nature of com-

bustion of the water-fuel emulsion. Due to the differing boiling

points of the water and the mazout, emulsion droplets undergo so-

called "microexplosions" at high temperature in the combustion zone,

"with the result that extremely fine secondary shattering of the fuel

takes place, improving mixing with air. This reduces the loss of

heat with the flue gases and partially offsets the expenditure of

.*) heat on vaporizing the water present in the fuel.

With water contents above 30% in the emulsion, combustion de-

teriorates noticeably, the boiler's efficiency drops off, and its

steam output is lowered as a result of the smaller quantity of mazout

entering the firebox.

The proposed method of burning watered mazouts is not expedient

"for marine boiler installations, since it reduces sailing range con-

siderably. Furthermore, due to the increased content of water in the

fuel, corrosion of the heating surfaces would apparently be greatly

intensified, particularly when high-sulfur fuels are burned.

- Ash in Fuel

There is usually little ash present in liquid boiler fuels -

* "from 0.01 to 0.5%. According to GOST requirements, the ash content

in fleet mazout3 may not exceed 0.15%, and that in firebox mazouts

may not be higher than 0.3%.

Mazout ash consists primarily of salts transferred into the
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mazouts during refining of the petroleum. Salts can be either partially

dissolved in petroleum or be present there in a colloidal state (com-

plex compounds of metals), or they may get into it together with the

r• .... -n -... i n an an: Yacz vary

depending on the salt content of the petroleums and the extent to

which the salts were eliminated. Apart from salts originating from

the petroleum, mazouts may also contain corrosion products of the re-

finery apparatus, this corrosion taking place particularly vigorously

when sulfurous petroleums are processed.

The basic components in mazout ash are vanadium, sodium, calcium,

aluminum, iron and nickel. Table 138 presents data obtained by the

author on the ash composition of sulfurous and low-sulfur mazouts.

The tabulated data, which characterize the ash composition of

the mazout specimens tested, provide a general idea of the composi-

tion of mazout ash. However, numerous detailed analyses of the ash

component of various mazout grades have shown that the ash of sulfur-

ous mazout and the ash of low-sulfur mazouts have nearly the same

composition, and that the absolute ash contents are practically iden-

tical in either case. The basic difference in the sulfurous-mazout

ash consists in the presence of vanadium, which is absent from low-

sulfur mazouts or present in negligibly small quarntities, and in an

elevated sodium content. Straight-run fleet mazout contains up to

0.003- .004% of vanadium. According to A.V. Kozhevnikov (28], sul-

furous cracking mazouts contain up to 0.01% of vanadium; there is

considerably more vanadium in firebox mazouts than in fleet mazouts.

According to V.0. Nikolayeva et al. (30], mazout 20 hae up to 0.007%

* . or vanadium, mazouts of grades 40, 60 and 80 up to 0.012%, and crack-

Ing, residues up to 0.020%.

Despite the low ash content in the liquid fuel, its combustlo:.
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on the outer heating surfaces of boiler installations results in for- V,

mation of ash deposits that lower the reliability and economy indices

"of the installation's performance. In combustion of mazouts, the ash

is deposited in the form of dense tough scales on the working surfaces K

of the boilers, the water-heating tubes, the steam superheaters, the

economizers and the lining of the fireboxes and clogs the flues.

A special property of these deposits is their tendency to build

up continuously on convective heating surfaces; this limits the ser-

vice life of the boiler unit.

TABLE 138

Ash Composition of Sulfurous and Low-Sulfur
Mazouts ""_

V Zuola .

I'[roa~, .I" -" - •

. Capa, % ........... 2,2 1,8 0,6
S"6 % . ......... . 0,t183 0','076 0,01%"< ."7 Anuo,,i itMTIII ,r~tJLbO

-II % 2.) 8.17.2""

-. .,.• .. ..
. .. . . .. .. .. ... ...... .1[ 8,o7 .

".-* A .. . . . . . . ,68 9,6':. .: ,6c 4 ..
S. .. ........... ....... t•l 9 27.93, 2.,2

2 '0 6,13 5.5
N..........................,0.74 1rR5 428

... .... .............. LO,0A 8,71 KO,4-

S... . ,, ~Al......................8 2,18 2,7t7O .
V. 016t 9 .................. 9 Ga1,,.

10Oxuc 80,40 Maac usy %:
NO. ............ .. . .... o .. . h O30 t .YTeryeT
C-.......•O................ 0 ,3t 20,51 20.43

.5,2...0 ... ~ 16,25 ,0
11CO . ..... .. .. .. .. .. . .. .,87 18.05 29.01
A1.,O . .... . ......... ... r...20.42 2a,37 MOD
Ni). .. .. .. .. .. .. ........ 19,1 119:3 7-65
MtoO...................9 A~~m 4ji191~ 9 0,12
sio 3, ........... 5.3 8,5 127

1) Index; 2) sulfurous cracking mazout f rom mix-
tuv'e of Stavropol', Saratov and Bavlinskiy pe-
trolcums; 3) sulfurous straighL-run mazout from
Tuymazy petroleum; 4) fleet mazout from Il'skiy
petroleum; 5) sulfur, %; 6) ash, %; 7) anions
and cations in mineral part of mazouts, %; 8)
none; 9) traces; 10) oxides in mazout ash,
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The presence of large amounts of deposits on boiler heating sur-

faces gives rise to a number of complications in operation: heat-

transfer conditions deteriorate, the flue-gas temperature rises, the

temperature of the superheated steam and the steam output decline, the

gas resistance is increased and, as a result, the efficiency of the

"boiler diminishes. Apart from the deteriorating heat exchange, ash

deposits intensify corrosion of the metallic surfaces and break down

the firebox lining [5, 27].

The basic sources of ash-deposit formation on the boiler heating

surfaces are sodium and vanadium [5, 28, 32, 351. In a study of the

influence of individual residual-fuel components on refractory ma-

. terials, Gones and Hardy [31] . showed that salts of alkali and alkaline-

earth metals lower the melting point of firebrick and form on its sur-

face hard vitreous films that sometimes results in chipping of the

"- firebrick.

In connection with the use of mazouts for gas turbines (operating

.* temperatures at heating surfaces 700-800o), the authors of many papers

1. [30-35] regard vanadium compounds as a particularly dangerous ash

component - an agent that causes corrosion of metallic surfaces and

* contributes to the formation of deposits on heating surfaces. Vanadium

"* compounds are not only corrosively aggressive but also bonding agents,

since vanadium pentoxide, which forms on combustion of the mazout, sin-

ters and melts at temperatures of 650-7000. Alkali-metal compounds in

"the form of sulfates also produce large amounts of deposits, but cor-

rode noticeably only in the presence of V2 05 . Vanadium-containing

petroleum ash also attacks refractory materials vigorously (31], par-

ticularly in combination with sodium.

It A~s been established by research studies [34, 36] that the

.deposit formation and corrosion that appear at temperatures above &b.

"-.631 -
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are associated with the presence of vanadium. At lower temperatures,

the chief cause of the deposits are sulfates (basically, sodium sul-

fate).

Analysis of deposits taken from various heating surfaces in boil-

er installations after operation of sulfurous and low-sulfur mazouts

(Table 139) has shown that the basic components of the deposits are
identical to the components of mazout ash. A characteristic property

of all deposits is the absence of chlorides, despite the fact that

"the mineral impurities present in the mazouts contained large quan-

titles of chlorides. The deposits consist predominantly of sulfates.

It appears that in combustion of mazout, the ash chlorides decompose

and the chlorine is replaced by sulfur from the fuel. The basic dif-

ference between the compositions of sulfurous and nonsulfurous mazouts

consists in the vanadium content of the former, together with the ele-

vated content of insoluble oxides, which interfere with cleaning of

*• •the tubes. It was indicated earlier that molten vanadium pentoxide

is an active corrosive agent, although the danger of vanadium corro-

S *sion is not too great in boiler installations having the prevailing

parameters, since the corrosive aggressiveness of vanadium comes into

evidence basically at temperatures of 6500 and upward.

In the use of boilers with high steam temperatures, vanadium

corrosion will be Just as severe as in the case of gas-turbine in-

stallat ions.

It is necessary to note that deposit analyses testify to the

effect that corrosion processes take place under the deposit layer

irrespective oi' the grade of mazout burned. Here, the corrosion

process is apparently the result not so much of the action of sulfur

or vanadium oxides ao of moisture-condensation phenomena, which take

place more actively on surfaces covered with deposits than on clean

* ... * -. 632
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surfaces. The latter is due to the hygroscopicity of certain salts

and the microporosity of the deposits, which cause capillary condensa-

* *'.' tion of moisture. It has been further established that when sulfurous

mazouts are burned, the deposits form more rapidly than in combustion

of' low-sulfur mazouts. In this Case, we apparently have a manifest&.

tion of the vanadium effect, which contributes, as noted earlier, to

deposit formation. As a result, the matter of timely removal of de-

posits from boiler heating surfaces when sulfurous mazouts are used

acquires particular importance.

When high-viscosity mazouts in which there is an elevated content

of ash are burned, the ask, deposits are particularly destructive,

since they stick to the boiler surfaces in an extremely tough crust

that is practically immune to removal with an ordinary soot blower.

"Steam cleaning or air-blast cleaning, water rinsing and mechani-

cal cleaning (scrapers, brushes, etc.) are applied to remove the-de-

posits. When steam is used, the structure of the deposits on subse-

quent, heating surfaceu deteriorates and intensified corrosion is pos-

sible, particularly when sulfurous fuels are buined [12], so that it

is advisable to replace the steam with dry air.

3ince blastin the boiler heating orace is oV litt1e effeat

when high-sulfu, mezoutu are burtned due to the deriae Structure of

the deposiltz, and meelianical cleaning is an extremely laborlous and

time-cotuuing operation, other countermea~ures a alnst the depo° ts

have recently been oming Into use, For, e.iample, 0)i blautlng or

the convewtive a, .d heat-natg su i'ace I S being zqployed abard

Ord in Z• l'h A6ddtlveo of varlous types ai'e used on a mnsch wlder

scal~- rzut~ artz buuned In boiler Inut. aations. The additives

7 ther raý, t.~ -oi':ng teraperaturia and meting polnt oe th~e ash-

fo'zn c. or prevent adhealo" of IO-melting aah partlcle3.

!" :- 634



In the former case, the quantity of ash deposited is reduced, and in

the latter, the additive improves the structure of the deposits, ren-

dering them dry and friable, so that they can be removed easily by

ordinary methods.

The structure of the deposits on the tail heating surfaces can

be changed by the use of additives that react with SO The additives.31
not only change the structure of the deposits and reduce the quantity

formed, but also inhibit corrosion of the heating surfaces. The addi-

tives used are slaked lime with a CaO content of 50-60%, dolomite

(CaO - 30-34%, MgO - 21-22%, CO2 - 38-48%), magnesite, alumina, kaolin,

magnesium oxide, calcium oxide, ammonia and others.

Sulfur Content in Fuel

The content of sulfur in a mazout depends principally on the sul-

fur content in the crude petroleum in refining of which the mazout in

question has been obtained. The greater the amount of sulfur in the

initial petroleum, the more sulfur will there be in the mazout derived

from this petroleum, with the sulfur content in the mazout being

*i generally higher than that in the original petroleum.

Moreover, the quantity of sulfur in a mazout depends on the

depth to which the light distillates have been removed from the

petroleum and the degree of cracking. Sulfur content increases wich

increasing viscosity and density of the mazou';s.

Knowledge of the total quantity -f sulfur present in the fuel

is necessary for thermal-engineering calculations and for estimating

the corrosion processes that may take place under the influence of

the sulfur's combustion pr'oducts, It will be recalled that the maximum

admissible sulfur content in fleet mazouts produced from sulfur-bear-

ing petroleums is 2%, while that for firebox mazouts is 3.5%.

- Usually, mazouts contain the so-called "volatile" sulfur, whlch
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burns with the fuel; "sulfate" sulfur, which is present in the ash and

does not participate in combustion of the fuel, is present in negli-

"- gibly small quantities in mazouts.

Sulfur may be present in mazouts in the form of elementary sulfur,

hydrogen sulfide, and various organic compounds (mercaptans, sulfidoe,

N disulfides, and the like). The most aggressive and toxic compounds

(hydrogen sulfide, elementary sulfur and mercaptans) are present in

mazouts in quantities considerably smaller than those observed in

petroleum or in light distillates. Consequently, sulfurous mazouts are

V , less toxic and less corrosively aggressive toward the mazout-handling

equipment than the petroleum or the lighter products obtained in refin-

ing it.

Extensive operation with sulfurous mazouts has shown that they do

not aggravate corrosion of the equipment (reservoirs, pipelines, pumps)

as compared with low-sulfur mazouts.

Usually, irrespective of the origin of the mazout, the parts most

"liable to attack are the reservoir roofs (by vapors and gases) and

those parts of metallic mazout storage tanks where the metal is in

contaot with water that has settled out of the mazout. The appearance

' of corrosion is hastened by warming and watering of the mazout. The

corrosive aggressiveness of mazouts diminishes as their density and

... viscosity rise.

The total quantity of sulfur present in the mazout is of Impor-

* tance for the corrosion that takes place under attack by sulfur-core-

bustion products, since all sulfur products produce sulfur oxides as

a result of combustion, and the corrosiveness of these oxides depends

on temperature, the dew point, and the presence of moisture. It is

known that the smoke gases obtained on combustion of fuels may corrode

the metnl of the boiler apparatus only when the metal is very hot, at
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a temperature at which reaction is possible between t' smoke gases

and the metal or, on the other hand, so cold that condensation of cor-

bustion products begins.

Practical operation of boiler installations indicates that in-

tensive heating-.surface corrosion is observed in combustion of sul-

furous fuels at points where the metal temperature makes it possible

for the vapors present in the smoke gases to condense on it. The tail

surfaces - the air preheaters, water economizers, and iron exhaust

tubes - are most liable to this corrosion. In this case, electrochemi-

cal or sulfuric-acid corrosion takes place.

, . 4008 As we know, the sulfur burns to 302
"t 007o- 2

- - during combustion of sulfurous fuels, al-

Sf .oo# though 30 is also detected in the combus-
0..03 2 tion products. The conversion of SO2 into

... • •0,002 2,•

0• so in combustion of mazouts amounts, ac-
*44 3

"0 BJc~po~eep a ,cording to literature data, to 3.2 to 7.4%

F.3'oefor small fireboxes (37], and to 0.5 to•-.:. Fig. 183. S03 content
3

in combustion products 4.0% for large ones. According to certain
" as a function of sul.

fur content in petrole- sources [40], less than 5% of the total
um. 1) Firebox-w1l1
temperature 1200 ; 2) sulfur in the fuel is converted to 3030 and
firebox-w~ll tempera-
ture 1600 . A) Volume the content of SO in the exhaust gases'••content of S0O in com-3
cbustontentrodc03 in (by volume) may drop to 0.005% in combus-
bustion prodt~ct2, %; do
B) sulfur content inp oution of sulfurous mazouts. The formation:.'.::petroleum, %.

of SO is a function of the sulfur content

in the fuel, the combustion temperature, and the excess-air ratio. A

number of papers make reference to the fact that the formation of

M R also depends on the catalytic action of sulfates, ferric oxide
3

and vanadium. The-formation of SO3 as a function of sulfur content

and temperature is shown In Fig. 183. Orumley and Fletcher [37] es-
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-" �' W O�O 701

2T yne pa namZDNxu, oC

Fig. 184. so3 content in gases

(12% Co 2 ) as a function of flame

"temperature o) kerosene, 2% sul-
L7 fur (disulfides); x) distilled

petroleum, 3% sulfur. 1) Volume
content of SO in combustion pro-.

3
ducts, %; 2) flame temperature,

C.

tablished that the SO content first increases with increasing flame
3

1temperature and then approaches a constant value at flame temperatures

* ..." above 17500 (Fig. 184). It is also shown in their work that the forma-

tion of SO3 increases with increasing excess-air ratio. As the excess-

air ratio is increased from 1.1 to 1.7, oxidation of S02 to 303 is

doubled.

;C No -we- Fr-o; o* •The presence of even small quan-

to 4 tities of SO3 in the exhaust gases con-

" -'- siderably increases the effective

2 £op/, u.e .%6.c. temperature of initial moisture con-

Fig. 185. Dew point as a densation as against that correspond-
function of suNfur content.
.i) Dew point, C; 2) sulfur Ing to the partial pressure of pure
oontent, % by weight. water vapor in the combustion products.

The temperature at which condensation of the water vapors present

in the gases Is possible (dew point of exhaust gases) is the higher

the higher the concentration of water vapor, and averages 45-65°.

When iuazotta with high sulfur contents are burned, condetisation

"of the vapors takes place at higher tekperatures, which may reach 120-
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1500 °4o],. since in this case sulfuric-acid vapors which form when

SO3 reacts with water vapor are condensing.

Figure 185 shows the dew point of exhaust gases as a function of &;.

sulfur content according to [38). At a 1% sulfur content in the fuel,

the exhaust-gas dew point rises to 130°. With sulfur contents from 1

to 5%, each percentage-point increase raises the dew point by about 40

" [38]. According to the VTI [39]L the dew points of mazouts are lower

than stated in [38] by about 100.

Since the temperature of the boiler tail surfaces (air preheaters,

"economizers) is Identical to or lower than the exhaust-gas dew point

of sulfurous mazouts, it is on these surfaces that most of the sulfuric

"acid condenses. It was indicated earlier that the boiler heating sur-

faces are covered with ash deposits, so that on condensation the acid

gets into the deposits and is present in them in the form of free sul-

furic acid, which penetrates to the surface of the metal and intensi-

fies corrosion of it.

Table 140 presents the author's data on the free-sulfuric-acid

content in deposits taken from the economizers and convective-tube

bundles of boilers operated on sulfurous and low-sulfur mazouts. The

free sulfuric acid was determined by the method developed by Yu.M.

Kostrikin and V.A. Rumyantseva.

In deposits taken from the lower rows of tubes, where the wall
0

temperature is 110-115 the free sulfuric acid content was highest.

Moreover, an elevated content of free sulfuric acid in the deposits

also corresponds toea larger sulfur content in the mazouts. The cor-

-.-olOn rate under attack by sulfuric acid depends on the acid concon-

tration, which, in turn, depends on the wall termiperature (Figs. 186

iad d87) (41].

Corrosion is insignificant when sulfurous mazouts are burned at
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TABLE 140
Free Sulfuric Acid Content in Deposits (in %)

Co~eppanue c€ofotuoA H&O,,

"MO.O': ]• o ot Upo6 OTAMO. ..A
3, asyTfDC4 I MaOy 0-12T

(S=1,8%) 14(6-018%)
5 C rM...,I pnJIo* TpYG,,aIIoMaflu*pA ' . 86 1
6 C PRepxx FPYA3OR ?pyoIoHoP*( rex70,cVa- 730XOMa .. .. .. .. .. ...... . " 70,81 OTCYTOeTByo*

8C TpY6 xonuDminuoro nyixa.......... O.. T. yG ic.yet

1) Point at which deposit samples taken; 2)
content of free H2 8O4 , %; 3) FS-5 mazout;4)

F-12 mazout; 5) from lower rows of economizer
tubes; 6) from upper rows of economizer tubes,
(at flue); 7) none; 8) from convective-bundle
tubes.

wall temperatures of 65-1050, but at temperatures from 1100 to the dew
point of sulfuric acid, as well as below 65°, corrosion intensifies

[42).

Protection of the tail-end heating surfaces from corrosion is one

of the most important problems in boiler design, since low-temperature

corrosion of air preheaters and economizers may be so severe that they

:,:: Fi•. 186. orrso
': 01%)asafucto = at--r-abn te

g:cntn lS/ o- fntionoH20

A2

11

0 2 41P 6 8

Fig. 186. Cor-rosionK.rate of steel (C - Fig. 187. Corrosion
0.15%) as a function rate of' carbon steel
of temperature with (C - 0.19%) as a

* Constant II2S0I4 con- function or 112S04
centration. 1) H2 SO4  concentration at con-

". concentration 65%; 2) stant temperature. 1)
2

S2S0 concentration corrosion rate, g/m2

5%. A) Temperature, o 2S04 o-
.-C; S) corrosion rate, contration, %.

S - /2.hour.
9/ni
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TABLE 1141

Composition of Steels (in %)

"" lMampxanu ClM- Cr NI Cu"P.I .

31HRUxonjm. 0,0)8 0,25 14 78,70 - 6,50 -4,ap• oup20. ...... 0,07 0,75 20 29 3 44,20 2
".,CTJI, 304. .0,05 1,50 19 10 - 68 -
CU, &a.3.O...... 020 1,50 25 20 - 52

"7RapTeu .......... .0,10 0,40 0,90 0,45 0,40 97,00

"1) Material; 2) other; 3) Inconel; 4) Carpen-
ter 20; 5) steel 304; 6) steel 310; 7) Carten.

are quickly rendered useless. The following countermeasures are taken

against low-temperature corrosion: protection of the metallic heating

surfaces with acid-resistant coatings, the use of materials that have

relatively high corrosion resistance, raising the heating-surface

temperature of the dew point, and reducing SO3 formation by the use

of additives.

Protection of the heating surfaces by raising the wall tempera-

ture usually results in an increased flue-gas temperature and a con-

"siderable drop in the efficiency of the boiler installations. Selec'

tion of corrosion-resistant steels for the tail-end heating surfaces

has shown that the corrosion rate may take a maximum and a minimum

for each metal at certain acid concentrations. In view of the fact

that the temperature of the tail-end heating surfaces varies over a

wide range and, consequently, that the acid may have different con-

. centrations, selection of the proper material is a very difficult

matter. According to (43], the highly alloyed Inconel and Carpenter

20 have low corrosion rates. Also recommended (44] are steel 304 and

steel 310. Among the inexpensive low-alloy steels, Carton steel hao

been suggested; this contains up to 97% of iron and small additives

NW Mn, Cr, Ni, and Cu. This steel has good corrosion resistance In the

i.cid-concentration range from 4O to 90%, i.e., under condltlons 'i],-
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lar to those prevailing. The compositions of the steels are listed in

"Table 141.

" "! ... *.< Encouraging results were obtained when various types of enamels

£40, 451 were used to protect the heating surfaces. Among others re-

commended for these purposes is acid-resistant enamel 105# which is

particularly resistant to H2 SO4 concentrations rom.. 50 to 90%.

The tail. heating surfaces may be protected from corrosion by the

use of additives that reduce the content of SO in the combustion pro-3
* ducts and depress the dew point. Additives that adsorb SO have been

3 L
tested for this purpose; examples are dolomite and silica in quanti-

ties of 0.1-0.2% of the weight of the fuel. These additives reduce

corrosion markedly, but depress the dew point only insignificantly.

The drop in corrosion is accounted for by the considerable increase

in the quantity of deposits formed on the heating surface and by

changes in their structure. Better results were obtained by injecting

additives that enter into chemical reaction with SO - compounds of3
zinc, magnesium and ammonia. These additives depress the dew point of

the smoke gases and inhibit corrosion significantly.

When ammonia Is injected into the firebox at a temperature of 3000

in concentrations above 0.021% by weight, the dew point of pure water

"vapor is reached. Figures 188 and 189 show curves of dew point as a

function of ammonia concentration and a curve of corrosion rate as a

"function of temperature, with and without ammonia (38].

Table 142 lists the minimum additive concentrations required in

the fuel to lower the smoke-gas dew point to that of water vapor,

accordina to [381; these data were obtained in test-stand experiments

;*. with a fuel containing 3 . 2- 3 . 4 % sulfur.

To prevent sulfuric-acid corrosion with wall temperatures below

"the dew point, one &iglish firm has patented (British patent 73419o)
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Fig. 188. Variation of Fig. 189. Effect of
dew point as a function ammonia injection on
of ammonia concentra- corrosion. 1) With
tion. 1) Dew point, C; injection of ammonia;
2) dew point of water 2) without auanon~a;

ft. vapor; 3) ammonia con- 3) dew point 139
centration in fuel, % (without ammonia). A)
by weight. 2corrosion, g/ ; B)

dew point 139 ; C)
probe temperature, C.

the additive "Teramine" (trademark of apparatus (sic]) r46]. Teramine

is one of the tertiary heterocyclic amines produced from coal tar.

Teramine is introduced into the boiler flues at a point where the gas

temperature is about 2500, in the atomized state and in quantities

equal to 0.03-0.05% of the weight of fuel consumed. Dte to the'lower-

ing of the flue-gas temperature when Teramine is used, the efficiency

of thte boilers was raised by 1.5% in addition to the reduced corrosion

of the tail-end surfaces.

In sunmarizing the above, it must be acknowledged that the most

effective countermeasure against tail-surface corrosion ls the use ol"

:-, additives.

SExperimental studies must be carried out to further exteni1ive

-:itroductlon of these techniques and selection o!' the proper addS n'. "
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2 TABLE 142

Minimum Additive Concentrations Required to
Depress Dew Point of Smoke Gases to Dew Point
of Water Vapor and Their Cost

• I 4
,. fl32a~ Mo •D4 M.u~J.,abnan CTnO.mO.b

2 ~ ~ ~ ~ I hN'1aaia ronauua,['i lp.•aX MoMoA 21100 npPRO N )OZ,01I1TPQ•UMi npUICJAHN He
'"% sea. pyd. •

- _ _ _ . _ _ _ _ _ _ _ _._ _ _ _

5AMmnax ýAynaoTcn n ANUODO raau
H .pl ToMnepa'rpe 350" 0,06 0,s" 7 tol~as n,.,m- 8,lo6aUAQTCX B TOUSUDOgB DAO cyc~onea * 0,47 64

(oa1o0hflTo me ...... . . . . 0.80 (Ca + Mg) 9,7
1j cli-Cb marnnm 0.35 (Mg) £8.1

12HatTenaT zAMuia ,Ao6auxne?4 x Tanany
D DHO• " To P 0c",.. . 22 ,•(za) ,53.

14lHaýTona? uarn a te ...... ... . 0,15 (Mg) 81A

s on American prices.

1) Additive; 2) method of injecting additive;
3 minimum concentration in fuel, %-by weight;
4 cost of additive per 1 ton of fuel, rubles*;
5 ammonia; 6) ýlown into smoke gases at tem-
perature of 350 ; 7) zinc dust; 8) added to
fuel in form of suspension; 9) dolomite; 10)
same; 11) magnesium oxide; 12) zinc naphthenate;
13) added to fuel in solution form; 14) mag-
nesium naphthenate.

The elevated sulfur content in high-sulfur mazouta provides a

basis for assuming that their toxic activities will be higher as comr-

pared with low-sulfur mazouts. It is known that the volatile compounds

"evolved from sulfurous and low-sulfur mazouts have a toxic effect on

the human organism, particularly at elevated temperature and irre-

- spective of sulfur content.

* The toxicity or aulfurous mazouts is higher basically because of

the hydrogen-sulfide and mercaptan content and, on combustion, be-

* .. cause of the SO2 that is formed. Hydrogen sulfide is deadly in a con-

centz'ation of I mZ/iiter.

, During 8torage and shipment or sulrurous mazout, the hydrogen

sulfIde contlent preaent may change; on heating, the sulfur compounds

may decompoic with evolution of hydrogen sulfide (271.

Precautionary measures must be taken in work with sulfurous
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mazouts; these include hermetic sealing for tank cars and pipelines,

prevention of smoke gases from the flues entering work and residential

premises, and the installation of sufficiently powerful ventilation

facilities.

These requirements must be observed carefully where sulfurous

mazouts are used on seagoing and river vessels, where the proximity

of the fuel tanks to living quarters increases the danger that the

"sulfurous mazouts will have harmful effects on personnel.

-? It is recommended that high-viscosity sulfurous mazouts (vis-

* cosities above VU5 0  12) with open-crucible flash points of about

1000 be burned in the fireboxes of ship boilers; these should be less

toxic than low-viscosity mazouts, since they contain much smaller

quantities of light petroleum distillates.

Extensive operating experience of oceangoing vessels and tugboats

and river passenger vessels has shown that burning sulfurous mazouts

in the steam-boiler fireboxes does not give rise to further expected

[sic] complications.

At the present time, the refining Industry is producing the fol-

lowing grades of liquid boiler fuel: 1) fleet mazout; 2) petroleum

fuel (mazout); 3) Ukhta boiler fuel; 4) coal-and-shale fuel mazout

(khale oil).
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Manu-
script [List off Transliterated Symbols]
Page
No.

5941 p =r =rabochiy =working

5914 c ss= ukhiy dry

594 r =g =goryuchaya = comnbustible

594 n =1 =letuchiy =volatile

595 H =n =nizshiy =lower

596 3 =E =Ekvivalent =Equivalent

596 K~an =kal =kaloriynyy =calorific

596 noni po1 poleznyy u~sefful

596 yc~ j usi uslovnyy =conventional
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Chapter 20

FUELS FOR AIR-REACTION ENGINES

Aircraft with air-reaction engines occupy the leading position in

present-day military and civil aviation. Air-reaction engines (VRD)

have come to replace piston engines in aviation. This is connected

-. -. - -with the fact that, as Fig. 190 shows,

-- - -they are considerably better than piston

" 24-�-. engines with respect to their flight and

-- / operating possibilities. Actually, with

21 •4 the utilization of VRD in aviation, the

6 recent past has seen flight speeds at
So i•//2 3/4- . the speed of sound, and then 2-2.5 times

Fig. 190. Regions in the speed of sound; with the utilization

which it is desirable to of VRD, there has also been a consider-
use flying craft with

piston (1), turboprop (2), able increase in the flight altitude of
turbojet (3), turbojet
"with afterburner (4) ram-
Jet (5), and rocket (6)
engines. Our country takes a leading role in

the development of air-reaction engine aviation. By the middle of the

nineteenth century, the Russian engineers and inventors I.M. Tretess-

kiy, N.M. Sokovnin, and N.A. Teleshev had proposed designs for engines

including the basic elements of modern VRD. In 1897, the engineer P.D.

Kuz'minskiy constructed the first gasturbine er ,ine, using kerosene as

the fuel; at the present time, this material is widely used as a fuel

* for VRD. During the 1906-1908 period, engineer Korovodin built a gaso-

line-operated pulsejet engine. In 1911, engineer Gorokhov proposed a
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motor-compressor VRD, also using petroleum fuel.

The development of jet engineering in the USSR is inseparably as-

sociated with the name of a great Russian scientist, the father of

Russian aviation, N.Ye..Zhukovskiy, who as early as the 1882-1886 pe-

riod had developed for the first time the main topics in the theory of

jet motion, and also with the name of the prominent Russian inventor

and scientific innovator K.E., Tsiolkovskiy, who together with note-

worthy designs for jet aircraft developed in 1932 developed a double-

flow air-reaction engine with compressor and propeller driven by a pis-

i* ton engine.

The theoretical studies of B.S. Stechkin (1] were a major contri-

"bution to the development of air-reaction engines, as were the experi-

mental investigations and pilot design work of the Soviet designer

* A.N. Tupolev, V.V. Il'yushin, and others.

Owing to this work, Soviet air-reaction aviation presently leads

the world. Soviet aircraft with turbojet and turboprop engines, the

TU-104, TU-104B, TU-114, AN-1o, and 11-18 have won wide recognition

both here in our country and abroad. Soviet aircraft with air-reaction

engines have established world records for speed, range, and altitude.

" Of great importance in the development of air-reactionengines has

been the work of Soviet scientific-research and experimental institu-

tions in the field of fuels for these engines [2-23].

The T-1 and TS-l high-performance fuels, obtained by Soviet pe-

troleum organizations during the 1946-1954 period have facilitated the

success of our air-reaction aircraft.

The work of foreign scientists [24-293 has also been of great Im-

portance to the development of fuels for VRD.

CONDITIONS UNDER WHICH FUELS ARE USED IN VRD

The operation of air-reaction engines, both compressorle;'s and
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compressor-type, is based upon the creation of a powerful gas-air

"stream within the engine, capable of turning engine components at high

speeds, and of creating considerable reaction thrust upon leaving the

engine, thus providing high-speed flight for modern aircraft. The gas-

air stream in a VED is formed in combustion chambers in which fuel is

"burnt in a stream of air (see Chapter 6). In compressorless engines,

the air arrives at the combustion chamber under ram pressure, while in

compressor types, a powerful centrifugal or axial air compressor is

used.

SThe simplest compressorless VRD is the ramjet engine PVRD [30], a.

diagram of which has been given previously (see Fig. 45 in Chapter 6).

"Air is compressed in the diffuser owing to its kinetic energy; thus the

ramjet can operate only in a stream of air. The oncoming air stream

•. -enters an expansion diffuser, and loses a portion of its speed. This

raises its pressure, density, and temperature in accordance with the
ip

initial velocity of the stream. In the front section of the combustion

"chamber, the air is mixed with the fuel, which is injected through a

nozzle in fixed proportion to the amount of air. The fuel vaporizes,

forming a combustible mixture that continuously feeds the combustion

zone established In the central portion of the combustion chamber be-

yond the flameholder. From the combustion chamber, the gases go to the

•.exhaust nozzle, where their velocity increases; it will be greater

than the velocity of the incoming stream. Owing to the great accelera-

tion of the gases, jet thrust will appear and act upon the engine.

At the present time there are two types of PVRD: subsonic and su-

personic (SPVRD). The distinguishing feature of the SPVRD is the

higher temperature and pressure of the air arriving in the combustion

chamber and of the gases formed in it.

The engine most conmnonly encountered in present-day aviatior is
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the turbocompressor air-reaction engine (TRD). There are straight and

double-flow TRD, as well as combinations of TRD with propellers -

turboprop engines (TVD). "Qi.

A modern turbocoippressor VRD consists of the following elements:

inlet diffuser 1, axial compressor 2, combustion chamber 3, gas tur-

bine 4., exit diffuser 5, afterburner 8, and jet nozzle 9. The arrange-

ment of a modern TRD with afterburner, and the change in gas charac-

teristics along its length are shown in Fig. 191 [31]. The engine op-

erates in the following manner. Air, passing through the inlet dif-

fuser, is sent to the compressor where its pressure is increased by

3.5-4.5 times as a result of compression. The air at elevated pres-

sure is directed into the combustion chamber, where fuel is injected

through a nozzle. The formation of a fuel-air mixture and its combus-

tion occurs in the combustion chamber; here the gas temperature is in-

*-." creased to 1400-15500.

An additional quantity of air is supplied to a secondary zone of

the combustion chamber in order to drop the gas temperature and to en.

sure complete combustion of the fuel. If the fuel-air ratio in the

primary combustion-chamber zone approaches unity, 4 times as much air

is supplied to the secondary zone as to the primary.

From the combustion chamber, gas at a temperature of 650-700° is

sent to the gas turbine, setting it in motion. A certain amount of the

energy of the gas is used to turn the turbine and the compressor con-

nected to it; this causes a partial drop in temperature and pressure.

L-7 Next, the gas goes through a diffuser to the afterburner, where addi-

tiorual fuel is injected through nozzle 6. Beyond the special flame-

holder 7, which maintains the flame, steady combustion occurs, creat-

ing at the nozzle exit a high-temperature and high-speed stream. Con-

sequently, a modern TRD in essence represents a combination of a tu:'-
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bocompressor and ramjet engine.

"The turboprop engine (TVD) and double-flow engine (DTRD) are va-

rieties of TRD.

The operation of the TVD., a diagram of which is given in Fig. 44

---- "4'/I' -7-8

•i ................

2

3

Fig. 191. Arrangement and change in gas-stream parameters in TRD with
afterburner. I) Velocity; 2) pressure; 3) temperature; 4) flame temp-
erature; 5) flame temperature.

of Chapter 6 [32] is based upon the utilization of the excess energy

created by a gas turbine [32] for driving a propeller. Since the com-

pressor absorbs most of the power and the Jet thrust is thus very

small, the basic thrust of such an engine is created by the propeller.

Turboprop engines create considerably more thrust at low flight

speeds and especially at takeoff than do TRD. TVD are employed for

flight speeds of up to 600-800 km/hr. The fuel consumption of a TV) is

about 0.35-0.40 kg/hp-hr. The same kerosene-type fuel is used for TVD

as is used for TRD. Specific specifications for TVD fuel have not as

yet been established.

., '[ *.. In double-flow TRD, the excess power is transmitted not only to a

propeller, but also to a fan that forces the air through a separate

circular duct, forming an external engine system. The arrangement and

operation of the internal system differs in no way from the operation

-*". of an ordinaray TRD. The external system works in the following marimer.

.. The air entering the external system passes through a diffuser to the
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fan. The fan creates a small pressure rise in the second system, and"Z.

moves large masses of air which then are sent into the jet nozzle.

Here the energy obtained by the air in the fan is converted into kin-

etic energy, thus raising the velocity of the gases, and producing jet

thrust. At flight speeds of up to 600-700 km/hr, DTRD develop greater

thrust than TRD. The specific fuel consumption in a DTRD is consider-

ably lower under these conditions than in a TRD, and reaches

o.65 kg/kg-hr. A DTRD normally operates with the same fuels used by

straight engines.

VRD belong to the class of engines with continuous fuel injec-

tion. In contrast to piston engines with continuous injection, VRD

are characterized by uninterrupted supply of fuel and air to the com-

bustion chamber. An exception is the pulsejet engine [Pu VnRD], in

which the fuel, as in piston engines, is injected intermittently. At

present, the pulsejet is not widely used. It was only during the

Second World War in Germany that the pulsejet was used in certain

flying craft - the "V-l" missiles. Automotive gasoline was used as the

fuel for these engines.

Fuel is supplied to the combustion chambers of VRD with the aid

of a fuel system, whose basic arrangement is shown in Fig. 192 [5].

While fuel is pumped through the fuel system, it comes into contact

with numerous parts of the fuel units, which are made of various fer-

rous and nonferrous alloys. Thus, the fuel-collector ducts, fuel-fil-

ter rings, r.ings and screens of the filters in the working and start-

ing nozzles are made of brass, the fuel-pump rotor is bronze, the fuel-

"punp housing and fuel aooumulator are made from an aluminum alloy, etc.

In -.ome systems, individual parts of fuel units may be plated with non-

ferrous metals. Thus, the springs and cup of fuel-pump screen filter. s

are car•*dum plated; the ends of the fuel-pump rotor are lead-indium
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plated, etc. [33, 34].

Despite the high speed at which the fuel is pumped, nonferrous

metal alloys have a negative effect upon fuel quality. This applies

primarily to copper alloys, and especially to types VB-24 and VB-23NTs

bronzeo, from whioh fuel-pump rotors are made. When these alloys are

present in the fuel, solid insoluble sediments form, clogging the fuel

filtev. and causing precision mated elements of fuel units to seize.

The formation of deposits in the fuel in the presence of copper alloys

is intensified at the elevated fuel temperatures that may occur in

modern engines.

The fuel may become quite hot in supersonic aircraft. At greater-

.than-sound flight speeds, the fuel in the tanks is heated owing to the

heat produced by frIction of the air on the aircraft body. In addi-

1 ii

;2 •g• * I -

i* g I l p

* I a

"1Fie. 192. Ba3ic arrangement of TRD Nuel
system and change in teiitperature th,•'ough-
out its length as a function of airaft.f fligrht speed. 1) Booster pump; 2) flel
tank; 3) riltear; 4) star-tir puimpu; :) W-
cl-il radiator; 6) ptmp; 7) barotatt; 8)
"throttle valve; 9) distributor; 10) noz-
zle; 11) starter.

tion, .>. a VRD, the fuel may become heated in the fuel pumps and in
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the fuel-oil radiators. In absorbing heat from the pumps, which rotate

at high speed, the fuel may be heated by an additional 20-30°. In the

fuel-oil radiators, the fuel is used to cool the oil, which is at a

temperature of 130-250° or above; this will produce a further tempera-

ture rise in the fuel of 30-400. Finally, the fuel system, as a rule,

is installed on the air-compressor housing; the temperature of the

last stages of this unit reach 200-250°, which also causes some addi-

tional heating of the fuel. Figure 192 shows the change in fuel temp-

erature, based upon calculated data, as it passes through the elements

of the fuel system, as a function of increasing aircraft flight speed.

It follows from the data given that at a flight speed of Mach 1, the

- maximum fuel temperature may reach 100-1200, at Mach 2 - 210-230°• and

at Mach 3 - 430-450°. At such temperatures, not only will solid sedi-

Dments be formed In the fuel, but it will in turn prove to be heavily

• . corrosive with respect to the parts of fuel units male of nonferrous

alloys.

Fuel heating is characteristic not only of supersonic aircraft,

but of subsonic craft as well. Owing to the use of fuel as a cooling

agent in several elements of the fuel system in a subsonic Jet air-

craft, the fuel temperature may reach 80-110°.

"SPECIFICATIONS FOR TRD FUEL

The basic TRD units that have a substantial influence upon fuel

specifications are the combustion chamber, fuel system, and gas tur-
,, bins. Accordingly, we shall consider the arrangement and operation of

these units, as well as the specifications imposed upon the fuel from

*.. hUo vlewpoint of normal operation of these units. Pigure 193 shows

;-chentatically a TRD, and indicates the basic fuel characteristics

that affect the operation of the individual motor units [35].

The fuel system of a TRD is one of the principal parts of tiv,
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gine. A change in engine operating conditions is carried out by chang-

ing the quality of the fuel supplied to the combustion chamber. Thus

",1

-.. 14CeaI111UP121uim,7,j aa~n p mvrmb, 10 T11P~ iiamu v

" -"ItO ffeo. ,-I tie II4"

p~'ffll'ffU ue. . /,j.,Aol'tjb. rnPAtnepUP7pa JcmA~iO'~u• •'euj. I rr,•.ut~w AQnV gl•~p. I

t" uu"i') , ,pIaA ,,M, . ,

Fig. 193. Fuel characteristics required by
various TRD units. 1) Fuel tank; 2) low-pres-
sure pump; 3) high-pressure pump; 4) nozzle;5) screen filter; 6) screen filter; 7) com-
bustion chamber; 8) low-pressure filter; 9)
high-pressure filter; 10) turbine; 11) stor-
age (heat of vaporization, volatility, solu-
bility of air, stability); 12) pumpability
(viscosity, freezing point, solubility of wa-
ter, corrosive aggressiveness, thermal sta-
"bility); 13) atomization characteristics
"(viscosity); 14) combustion (heat of combus-
tion, chemical composition, volatility); 15)
effect upon turbine (sulfur content, ash).

uninterrupted operation of the fuel system is of primary importance.

The basic fuel system off a TRD consists of the following elements:

fuel tanks, fuel booster pLmps, low-pressure fuel filter, i el-oil

radiator, fuel pu'in regulator, piping, and nozzles. As a rale, a

screen or papex h gh-puriffication filter is located before the pump

. regulator. High-puriftcation filters are also Installed before the

" uel regulatora.

The eine n uel system works aa follows. Fuel afrom the fuel tanks

is puped thi-ough the fuel filters and the oll-fuel radiator by elec-

."tl'i pumps to the pump egulato-j, and then. after pass--ng tluough a

"series Ou kUel .r•u1ators, It Is sent to the combustlon-chamber noz-
*- . -. zles.

A 5 "to-!"-te ie4 eaure of' moder Vi• lD o•! stes s- the pre-
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s sence of finely adjusted fuel apparatus, having numerous precision

mating elements with small clearances. In order to guarantee rneliable

operation of this apparatus, several high-purification filtering ele-.

ments are installed in the fuel system, having mesh spacings of from

5 to 120 microns.

S .4. The basic requirement for fuel, related to reliable fuel-system

operation is uninterrupted pumpability under various operating condi-

tions, especially at low temperatures (about -50, -600), and at high

temperatures (about 120-2000). To sat-isfy this requirement, the fuel

should having the following properties.

" 1) it should not freeze and it should not precipitate crystals

* of high-freezing hydrocarbons at low temperature (down to -50-600);

2) it should not develop ice crystals, and they should not clog

' the fuel filters;

3) it should not liberate vapors of low-boiling components, nor

00

• •,..should it forn vapor locks in the fuel system;

! : "" 4) at temperatures of 120-200°, it should not form solid insolu.

ble sediments, and they should not clog the fuel filters;

S5) gum depositu should not be formed on parts of the fuel appa-

ratus (valves or regulators);

6) it should not eause corrosion of fuel-system units, nor should

it form corrosive deposits or cip- the fuel units with corrosion pro.

ducts.

& Combustion chamber* of modern VRD are of the ramjet type. ti

Sthem, combustion takes place continuously at high temperatures, whith

"u l'ltates -mpid C.ooomplie•ment of the ohemical reactlon tetween the

*e an d oxy-gen of the air after they are mixed. The rte of combus-

lon in VRD is determi.ned by the mixture-format-ion proce-. Hih-.•r.•.

mlxture formation is achieved by increasing the unifoxmitV of the
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of atomized fuel, by fine dispersion and agitation of the stream in

the combustion zone. Fuel quality has a substantial influence upon

this process.

As altitude increases, there is a drop in the temperature and

pressure of the air reaohing the chamber. Under cruising conditions,

the combustible mixture becomes lean. This decreases combustion sta-

bility down to the point at which the jet is interrupted and flameout

occurs. As a rule, it is difficult to reignite the mixture under these

conditions.

In order to provide reliable combustion-chamber operation, the

* ". fuel must:

1- i) be dispersed satisfactorily under various engine operating

conditions, especially at low speeds;

2) provide reliable operation of the combustion chamber over a

broad range of cooling-air parameter variations, as well as for va-

rious excess-air ratios;

* 3) ignite when the engine is started, for various characteristics

of the air entering the chamber;

4) provide veroy complete combustion of the ifuel;

5) provide a combustion rate such that the combustion process is

comapletely finished in "he combustion chamber, I.e., produce the
-C oot! ombuat.on zone.

1) produce carbon deposits In the cambuatlon ih ber or on. other'
eng* **paine c-a, ei.ng to warping of the combu ti=,-ht-er a and

to IaW lu•e;

"'. 2) --m- combustilen p,-L uct.- hav.l-r, a ha=-fu 1effect, upon the com-

7 butlon---zber walls, upori the turb~i~r b cadec, or the exhaust nozzle.

"!In , ' to provide reliable eaa-turbijo operation, the fuel
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should have a minimum content of ash, which erodes the tuibinc biaJe',

and also fouls the blade locks, resulting in blade failure.

Several requirements originate in the operating and working pe- W-

culiarities of modern jet aircraft using VRD. Modern jet aircraft have .

a very limited fuel-storage volume. The climb rate of jet aircraft is

very high, so that in climbing to an altitude of 15-18 kmi, the fuel in

a tank cannot cool, but remains at the ground temperature. Moreover,

in supersonic aircraft, the fuel temperature in the fuel tanks may

0rise owing to aerodynamic heating to 120-250°. In accordance with

these peculiarities, following fuel specifications are necessary:

" 1) it should possess maximum energy characteristics;

2) it should not boil or foam--in the fuel tanks, so that it will

not transport any air in solution, and it should contain no-low boil-

ing components;

*i-i 3) it should have high thermal stability, 1.e., it should not

form solid insoluble sediments in the fuel tanks.

Finally, for reliable fuel storage in fuel warehouses, it should

r.esist oxidation by the oxygen of surrounding air.

GRADES OF FUELS YOR VRD

"Modern thermal-jet engines use various fuels. There are two

groups of fuels for VRD: mineral fuels of hydrocarbon composition, and

nonhydrocarbon chemical fuels. Mineral fuels are obtained chiefly from

"petroleum, as well as from products obtained by processing solid min-

erals. At the present time, petroleum fuels for VRD are very common.

They are classified according to method of production into straight-

.*L1t1atton fuels and fuels obtained by secondary processes: thermal

,td catalytic cracking, polymerization, etc. Mineral fuels for VRD are

'xeassified according to fraction composition into fuels of the gaso.

linp type, the naphtha type, the kerosene type, the gas-oil typo,

.. - 662
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the wide-boiling type. At the present time, the most common fuel types

are kerosene and the wide-boiling type, both of which are obtained by

- straight distillation. Attempts to use products of thermal or catalytic

cracking as fuels for VRD has as yet not yielded positive results. This

is due to the inadequate stability of these fuels upon heating to which

*" the fuel may be subjected in the engine fuel system. The question is

.. also considerably complicated by the continuous temperature rise in

-i the fuel systems of modern supersonic aircraft.

Studies on the utilization of gas-oil type fuels for VRD have

also been unsuccessful. Gas-oil type fuel tests carried out during the

"" 1945-1949 period under bench and flight conditions showed that these

fuels have many substantial drawbacks, especially in respect to pro-

viding combustion stability, restarting in flight at high altitudes,

and with regard to the low-temperature properties. An important nega-

* tive feature of these fuels is the fact that they are not produced in

adequate quantities, since their output amounts to no more than 10-15%

-. of petroleum production.

Kerosene-type fuel is considered to be the best fuel for VRD in

respect to operating characteristics. It has a low crystallization

point, low vapor pressure, and is relatively fire resistant; it has

the best energy characteristic.

Wide-boiling type fuels appeared in the 1949-1953 period. The

basic factor for the appearance of these fuels is the attempt to ex-

"pand fuel resources for VRD by using the gasoline, naphtha, kerosene,

and, in part, the gas-oil fractions of petroleum. Flight tests of

"these fuels have shown that the inclusion of large quantities of the

"gasoline fraction in their composition is undesirable owing to the ex-

* ,-. tremely high volatility of the fuel in high-altitude flights, and its

poor wear-resistant properties. In this connection, the content of

** - 663-
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gasoline fractions in these fuels is presently limited so that the

fuel vapor tension does not exceed 100-150 mm Hg, and the fuel viscos-

ity at 200 does not drop below 1 centistoke. ..-

Below we give characteristics of fuels used for VRD in other

countries.

Domestic VRD fuels. In our country, four gr-ades of fuel are pre-

sently used for VRD; they are produced by straight distillation of pe-

troleumn c.Lude. The technical specifications for domestic VRD fuels

are given in Table 143 [2, 3].

T-1 and T-5 fuels are of the kerosene type, TS-1 is of the heavy

naphtha type, and T-2, of the wide-boiling type. T-1 and T-5 fuels

"are obtained from low-sulfur petroleums, fuel TS-I and T-2 from sul-

furous petroleums. Accordingly, the sulfur content in TS-I and T-2

fuels may reach 0.25%. T-5 fuel differs from T-1 fuel in its greater

density, greater content of heaVy-fractions, and relatively good re-

fining.

T-l, T-5, TS-I, and T-2 fuels possess good operating character-

. istics, providing reliable operation of VRD. They are straight-distil-

_ e g.s e a :h-_.;--- ,.raze warehouse

conditions for several years.

VRD fuels in the United States. The characteristics of fuels for

VRD in the United States are given in Tables 144 and 145. At the pre-

sent time, five grades of fuel are used for VRD in the United States,

three of which (JP-l, JP-5, and JP-6) are kerosene-type fuels, and

. two (JP-3 and JP-4) are wide-boiling fuels [36, 37].

Type JP-4 fuel is very oommonly used in the United States. Previ-

ously, cracking components were included in JP-4 fuel such that the

.. .. . . .. . . ...... ~ * .4. . :. . . .. .- .... ..

rated hydrocarbons in JP-4 fuel has been severely limited. The h,:"-
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number of present-day JP-4 fuel should not exceed 3. This is con-

nected with the fact that in the United States, there is yet no com-

plete solution to the problem of attaining high-stability fuels con-

taining a considerable amount of unsaturated hydrocarbons. In JP-4

fuel, the unsaturated and sulfur compounds are almost completely hy-

drogenated with the aid of hydrorefining, with the cracking compon-

ents. Such JP-4 fuel differs little from straight-distillation fuels

in unsaturated-hydrocarbon content.

JP-l fuel is used far less frequently, chiefly in TRD for sub-

sonic aircraft of older design. One of the chief reasons why JP-l

fuel is not presently in wide use is the limited nature of the re-

sources for its production. Thus, JP-l fuel can be obtained from some

petroleums in amounts of no more than 10-15%.

JP-3 fuel is used chiefly in naval aviation in the United States.

The requirements for this type of fuel presently amount to 7.5% of the

-.------ total jet-fuel requirements--of--the United States. The main reason that

JP-3 fuel does not find wide application is its high volatility, es-

pectally in high-altitude flights. In vapor pressure (368 mm Hg), JP-3

fuel is close to the aviation gasolinez. The high vapor pressure of

"JP-3 fuel is due to the fact that low-boiling gasoline fractions are

included in its composition, owing to which the initial boiling point

of this fuel is 660.

JP-5 fuel is designed for supersonic aircraft. Large amounts of

the gas-oil fraction are included in this fuel in order to increase

the density and expand production potentials. But this considerably

impairs the low-temperature properties of the fuel; thus, for example,

"" the crystallization point may reach -40 This impairment of the low

temperature properties of JP-5 fuel is permitted since the fuel is

"heated on board a supersonic aircraft, which eliminates the danger of'
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TABLE 143
Technical Specifications for T-1, TS-l, T-2, and
T-5 Fuels

T-1 TC1IT-2
"n"l6mfXo-zm oiec'ne noxUateAi rOCT rocT rOCT T-5 rOCT*2 ,[ 4138-49 714-54 8410-57 9145-9

flamiom b HMO u nuo....0,80, 0,775 0.755' W.83 OpaICoAxnu eocTaa:
a) TeMbeparypa avaa nepe.- 2 21 22

rousy. .C ............. e n ie 150 Hennue Hensue 19;
60 Ao 2000 ae

6oane 2%'b 6) 10% neperoune'rce up Tremne- He -umeparype z OC se ame .... 175 165 125 225.
C 2) 50% To e ........ ... 225 195 195
d r) 90% * ......... 270 230 250e A) 98% , ........... 280 250 280 315f e) OCTaTO1( R noTepi 3 CyyN9 a

% He 6oaeo.......... 2 2 2 2
4BsauocT K Rearu',cxax, an: 23a) npR Temnepaype 20* oe Renee 1,5 1,25 1,05 He 6oee 5

b 6) 00 Be 6caee 4 2,5 2.0
) -40 a 16 8,0 6,0 60,

-r) : .:5* , 25 9 2
.,cIo•Aocmb B ^* OH/100 A To-

',t an O He 6oae .......... ...... 1.0 1,0 1,0 I,O6 Temnepa•ypa ncuhmxc 9 °C He uame 30 28 -
"7Temneparypa XpUcraXU aa• a C

ne -,m. ................... 60 -60 -60 -)0 8 Tei-epaTypa Do-yTienana Cu *e aDme -50 -50 -50 -
•loA"oemicao a t foa -a loot ne 6onoe 2 3,5 3,5 3,01.UCoAepma1ne apoMa&TJqeCI(x yraeao-

AopooAn B % ne GoJae . . ..... 25 22 22 22
. lCo~epmaine *aXKTaecxux elioz,

"a) Ha uecre UpOH3BOAC~ha YOU-
6) a so 6o.ee ..... ........ 8 . 7 7 8

O) AtR wec'e uoTpe6nenvx TOn-
JIWDCHO6a ieO................1 l '10 10 II

1 CoAepwaufe cep. a % no 6onee . . 0,1 0.25 0,25 0110
"1 '"i B Tom mlcae mepxanTaoaofl cepu a
"1 "" .,. %.a 0 .es .. ........... -- 0,01 0,01 -

"14CoAepwanae BOAOpACT•OpRaWx 330-
OaT 2 meaoA..... ..... 2.40 Y "CYUYOY

15 Teuao.a CrOpua°.. .3uAX 3 XXa/=X
so Renee .00.. 0010250 10250 102.W0'

" '" 17 CoAepwaaze ,.exana-tecxa.% upmaw ea

2 DOW 2 4
0Trcraynnyw

"","181c-nuRO N& MeAloil -lacTUmae 25 BMAepwaaae5

19jAAaonue uacutmensux nap", ups38* a m.- , .-. M,, 0, ..... - - I18o 100

1) Physical-chemical characteristics; 2) density
2P no less than; fraction composition: a) in-

itial distillation point, 0C; b) 10% evaporated
"at temperature, 0C, no greater than; c) 50% the
"same; d) 90%, the same; e) 98%, the 6a=6-f; roe-
idue and losses, together, %, no more than; 4)
kinematic viscosity, centistokes: a) at tempera-
ture of 200, no less than; b) at temperature of
00, no more than; c) at temperature of -400, no
more than; d) at temperature of -500, no more
than; 5) acidity, mg KOH per 100 ml of fuel, no

[Key continued on next page]
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[Key to Table 143 continued3: more than; 6) flash point, 0C, no less
than; 7) crystallization point, °C, no more than; 8) cloud point, °C,
no more than; 9) iodine number, g of iodine per 100 g, no more than;
10) content of aromatic hydrocarbons, %, no more than; 11) existent

* ' gum, mg/100 ml: a) at point of fuel production, no more than; b) at
point of fuel consumption, no more than; 12) sulfur content, 1, no

*. more than; 13) including mercaptan sulfur, % no more than; 14) con-
tent of water-soluble acids and alkalies; 15$ low heat of combustion,
koal/kg, no less than; 16) ash, %, no more than; 17) content of mechan-
ical impurities and water; 18) copper-plate test; 19) saturated vapor
pressure at 380, mm Hg, no more than; 20) no more than; 21) no leos
than; 22) no less than 195: to 2000, no more than 2%, no more than
2250; 23) no more than 5; 24) none; 25) satisfactory.

TABLE 144

Characteristics of Wide-Boiling Type Fuels for
TRD

!-ox -,.ec, 3 1t.xc,,o
ROPdu 3
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20%. . . 116 144 -. -.
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TABLE 144 (continued)

"" uocne 86 IRS. & omCJen 3 a,/100 AI
"m. e 6oe ....... . . 14 14 8,4 l.0---0"2 3vnpyroy., tap, on s xa p. ,,r. 3i
" A , . . . . . .. .. 260- , 160-- W 38

,'so q 3 uaair y Ot o, ,
2 , xam•eo, a* KOH/* ... 0 3,. US '027tep~ummecian m~6uaxbocl nlo me-"Ayon CPR:

a) UePOUM~xuez AUGIVA 433IT9 -

pi 1409 i 20D4 C, n•5 uc. a"xj pT. c. as 6onee .. 3255 --

soaxtem o~omesiu no-
'Aorpoaaeae a 6aaaaz, ,eoaee - 3 -- 3.

•According to Swiss standards - grade 1, Ital-
... , ian - AM/C-142, Canadian - grade 3 - GR-22A; 2)

the limitations "not above" and "not below" refer
solely to technical standards; 3) in Switzerland,
2 mg/_ are permitted; 4) in France and Switzer-
land, 10 mg/100 ml are permitted; 5) for the Eng-
lish fuel DERD-2486 and for the American fuel,
the determination is carried out but there is no
standard.

1) Physical-chemical characteristics; 2) techni-
cal specifications; 3) grade; 4) Great Britain;

5) Fance 6)densty,20
5) France; 6) density, p 7) fractional compo-
sition, °C; 8) 10%, no more than; 9) end point,
4C, no more than; 10) kinematic viscosity, centi-
stokes, at temperature of _.4000; 1i) bromine number
in g bromine per 100 g, no more than; 12) crys-
tallization point, 0 C, no more than; 13) content
of aromatic hydrocarbons, %, no more than; 14)sulfur content, %no more than; 15) mercaptan
"sulfur content,%, no more than; 16) content ofantioxidant, mg/i, no more than; 17) content of
metal deactivator, mg/l, no more than; 18) water
content, mill, no more-than; 18A) contont of un-
"saturated hy•rocarbons, %, no more than; 19)flash point, 0C; 20) heating value, kcal/kg, no
"less than; 21) extant gum, mg/lo0 ml, no more* -than; 22) potential gum, following 16 hr oxida-
tion, mg,/00 ml, no more than; 23) vapor pres-
sure, mm Hg, within; 24) satisfactory; 25) copper-
plate tests; 26) acid number mg KOH/g; 27) ther-

4, .m mal stability, CFR method: a$ pressure drop at
filter, 149 and 20400, after 5 hr, rm Hg, no morethan; b) amount of deposits In heater, arbitrary

scale, no more than; 28) below.
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TABLE 145

Characteristics of Kerosene-Type Fuels for TRD

-ah' '-UNEe." " uo Texaamaae sop.,.., M,,easo

• ., m =
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i° ~~ ~ ~ 4AX He-" 1HU0" .e ... .. .. ..... to •$o to 160 103•oto200t 0 o2+ '

18 WEAK CNn0.........08 06 100 10 210 10 280 10 270
COepm&Hxe 

$aH•ntec•xu 

CMonI

A819 . 100 J eA ne ee ........ 5 7. .. 4 1-2.0 240 -t 2"0
UloTeyouajibnle Cxonu noone 16

%.C. o _UO.eHU , 5 Mo10 .A as
.Oozee ................ 8 14 1.5 t1o - -

2 TOqna nuxnelnI•n• a -- ine leHeeO . 20 - - - -

flpoal M-I0 UnIIOInacTIMM ... 27 &me e?
Y"--" ¥ Th ob po. ,14e pT, c4 . . 28Hesmau vdmi 26 6-55 S5
HUaoTHOtuo 'WC~O &* AS OH/a ne

4 onee .0............ . O1t 0.05 0.05 0,t -
214 6 Hoe CUOO a# OPOtal100 *11

Conee ............... .. 50 0.95 4.3 0,35 -
CoUepWanie 3o11M A01A 11 6Conee 1j I -- OTo - -
Tep '4ecman caOwIbnocOTm [o xm-

"tOA7 CM: 1
4) nepetain AauJnemni Ha vmab-
b PC apu 204Q u 260o,AupT.c? - -. . . .r4 ) 1RoaMUCel•O OM'owealulk a nO"

AoI9Oaxmeo. l . .- - - -

ATK ording, to technical standards of Switzerland-
grade 2, Italy - AM/C-141, Canada - grade 3- GR-23;,
2) the limitations 'not above," "not below etc.,
refer solely to the technical standards; 3) for Eng-
lish, French and Swiss fuel - no more than 6 centi-
stokes at -160; 4) at -340; 5) for English and French
fuel - no more than -40 , for Swiss fuel, -550; 6)
for English fuel, 10 mg is permitted; 7) not regu-
lated for American fuel; 8) for American JP-5 fuel it
is determined, but not standardized.

1) Phrsical-chemical characteristics; 2) technical
standards; 3) grade; 4) Great Britain; 5) France; 6)

.density p4 0 ; 7) fractional composition; 8) 10% evap-

orates at temperature6 0C, no more than; 9) 50%, the
saml•e; 10) end point, 6C, no more than; 11) kinematic
viscosity, centistokes, at temperature of -- i.O°C, no
more than; [Key continued on next page]
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[Key to Table 145 continued]: 12) crystallization point, 0 C, no more
than; 13) flash point, oc, no less than; 14) content of aromatic hy-
drocarbons, %, no more than; 15) sulfur content, %, no more than; 15A)
content of mercaptan sulfur, %, no more than; 15B) content of antioxi-
dant, mg/l, no more than; 16) content of olefin hydrocarbons, %, no
more than; 17) heating value, kcal/kg, no less than; 18) existent gum,
mg/.10 ml, no more than; 19) potential gum, following 16 hr oxidation,
mg/100 ml, no more than; 20) smoke point, mm, no less than; 21) cop-
per-plate test; 22) vapor pressure, mm Hg; 23) acid number, mg KOH/g,
no more than; 24) bromine number, g bromine/100, no more than; 25) wa-
ter content, mg/1, no more than; 26) thermal stability, CFR method: a)
pressure drop at-filter, 2040 and 260o, mm Hg; b) quantity of deposits
in heater, arbitrary scale; 27) satisfactory; 28) negligible.

interference with normal fuel injection and the formation of hydrocar-

bon crystals in it. Owing to the increased crystallization point, it

is possible to produce JP-5 fuel in sufficient quantities.

At the present time, the United States is beginning production of

new fuels for supersonic aircraft and missiles according to MIL-F-

25656 (JP-6) and MIL-F-22524 specifications. These fuels are kerosene-

* type fuels, and have the following boiling ranges: MIL-F-22656, 120-

0 0
290 , MIL-F-22524, 150-290°. They possess increased thermal stability

and low vapor pressure at high temperatures. The increased thermal

stability of these fuels is achieved by improved refining and use of

"additives [38]. The specific gravity of J?-6 fuel is 0.78-0.86, the

crystallization point not above -500 [39]. JP-6 fuel is designed for

aircraft flying at speeds of up to Mach 1. 5-2.0.

Fuels for TI•D in Great Britain. As we can see from Tables 144

and 145, three grades of fuel are produced for TRD in Great Britain;

two of them, according to specifications DERD-2482 and DERD-2488 are

of the kerosene type, and one, according to specification DERD-2486,

is a wide-boiling fuel [28, 4l0]. English kerosene-type fuels have con-

siderably poorer low-temperatiure properties, since their orystalliza-

tion point may reach -40 The p9ssibility of such an increase in the

crystallization point is associated with fact that in England, 10-.

,"- aircraft do not operate under cold winter conditions at low ten:,•.-
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TABILE 146
Standardized Fuels for TRD in NATO Countries
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TABLE 146 (continued)

2 7Inpoa na me~syuo naa-
28Tornxneyua .... 30 Bu3op~eeaa

.-- 20 -- -

T~t 180.
**At -340.

1) Physical-chemical characteristics; 2) kerosene
"type; 3) wide-boiling type; 4) density p40 ; 5) frac-

tional composition, 0C; 6) 10%, not above- 7) 20%,
not below; 8) end point, 0, not above; 95 residue,
%, not above; 10) losses, %, not above; 1i) kine-
matic viscosity, centistokes, at temperature of
_40 0 ., not above; 12) acidity, mg KOH/g, not above;
13) crystallization point, °C, not above; 14) flash
point, °C, not below; 15) bromine number, g bromine
per 100 g, not above; 16) content of aromaiic hydro-
carbons, %, not above; 17) content of unsaturated
hydrocarbons, %, not abive; 18) sulfur content, %;
19) including mercaptan sulfur, %, not above; 20)
water content, ml/l, not above; 21) content of anti-
oxidant, mg/!, not-above; 22) not above; 23) content
of metal deactivator, mg/l, no more than; 24) exist-
ent gum, mg/100 ml, not a'ove; 25) low heating value,
kcalfkg, not less than; 26) vapor pressure, kg/cm2 ;
27) copper-disk test; 28) smoke point, mm, not less
than; 29) negligible; 30) satisfactory.

%.7..

tures.

In Great Britain, great attention is paid to the water content of

* the fuel, since the water, liberated from the fuel under operating

"conditions, corrodes fuel-system parts. Thus, Fnglish specifications

for TRD fuel provide for the possible presence of dissolved water in

the fuel in an amount not exceeding 1-2 mg/l.

English wide-boiling type fuel is the same in its characteristics

as the American JP-4 fuel.

Fuel for TOD in France and other countries. The basic iuels used

fur TRD in Franoe are the wide-boiling fuel of specification Air 3407,

",and the kerosene-type fuel Air 3405 (Tables 144 and 145) [41]. In

their characteristics, French TD fuels are the same as the Eng1zh --

DEMD-2482 and DERD-246. In addition to domestic fuels, the Fr-cnc!
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use the American JP-l and JP-4 fuels, as well as the English fuels

mentioned.

Belgium, Italy, Switzerland, and Austria use mainly the English

DERD-2486 and DERD-2482 fuels for TRD. This is due to the fact that

the national companies of these oountries produce ohi.fly Englis.h TRD --

where numbers of engines are needed.

In Italy, the following national specifications >ipply 1." TRD

fuels: AM/C-142, for wide-toiling P'el and Am/C-141 for kerosene-type

fuel. The fuels have the same qualitles as the English and American
fuels. Italy also -kýs wide use of American TRD fuels [42].

In Canada, both Eng!J sh and American kerosene-type and wide-boil-

ing fuels are used for TRD. There also exist Canadian national speci-

fications for TRD fuels: 3-GR-23 for kerosene-type fuel, and 3-GR-22A

for wide-boiling fuel.

In Switzerland, in addition to English fuels, kerosene-type fuels

(grade 2) mad wide-builing fuels (grade 1) are used in accordance with

the Swiss state specification (Tables 144 and 145) (43]. Swiss Icero-

sene-typo fuel is considea'ably better thatn English or French with re-

spect to the low-tempeiature properties. Thus, the erystalllzation

0 point of this fuel reaches -55 As far as the other characteWistics

are concdnred,, no :ub;aant*La1 dl etencez a-mong the fuels are oh-

rci- T M n'o NATO In ovi•er to achieve itandardiza-

ion fl i the oountrle, belo•ei •to NATO.. st-a~i~ar d fue!8 have bee

aopt " Co r VW-; their ch•'act% irtlc* arc given In Table -46 [44).

Two i -cisy X1~ (ape I f cat tuna :'xNATO-.-33 arnd NUI 4-~42) ardc

,,-.• ,"0-1(•w a. 1 have been adopted as

anda\ i in the 'NA'Z countle3. hMe specificaticns for atand-ard.
Sue!.. fen- the NA=) countrien are ba"sed upon s pecifcatfons for the-

S-I- 6 - -
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American JP-1, JP-4, and JP-5 fuels, as well as specifications for the

English DERD-2482, 2486, and 2488 fuels.

Fuels for Turboprop Engines

As a rule, the same fuels are used for both TVD and TRD. This is

due to the fact that the mixture-formation and combustion processes

take place in the same way in TVD and TRD. Owing to the fact, however,

that TVD are installed on aircraft designed to fly at lower heights

and speeds than aircraft with TRD, it is considered possible to use,

in the main, lighter fuels for these engines, for example, gasoline or

wide-boiling types. Thus, in the United States and in many other

countries, JP-4 wide-boiling fuel is widely used for TVD.

Fuels for Ramjet Engines

In connection with the fact that PVRD are intended chiefly for

jet aircraft and missiles flying at considerable supersonic speeds at

high altitudes, it is of great importance to provide stability of fuel
-. 7- -'

combustion under these conditions. Accordingly, it had previously been

assumed that fuels for PVRD should consist of gasoline or other light

petroleum fractions. Thus, nonethylated aviation gasoline was used in

* the United States and England for PVRD.

The present-day views on fuels for PVRD are different. This was

furthered by successful work on ensuring stable combustion in PVRT of

not only light fuels, but of heavy fuels as well. As a result of this

* work, it became possible to use kerosene and gas-oll fuel types in

:PVRD. ThM desirability of using heavy fuels for PVRD is also condi-

tioned by the fact that there is limited storage space for fuels on

board supersonic flying craft using PVRD and the fact that under su-

." personic-flight conditions, the fuel is vigorously heated.

Accordingly, the United States presently uses grade RJ-l heavy -

kerosene for PVRD; this material possesses increased thermal stab[.,
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good combustion characteristics, and considerable den-)it; (0.84-0.86).

"This fuel evaporates in the 200-3200 range, has a crystallization

point not above -0°, and a flash point not below 880 [40].

STARTING FUELS FOR VRD

Starting of a VRD depends to a high degree upon the temperature

of the surrounding medium and fuel quality. At low temperatures, it is

difficult to start an engine using a heavy fuel of the kerosene or

- gas-oil type, owing to the inadequate volatility of these fuels. Thus,

many VRD are started with special low-boiling starting fuels of the

kerosene type, possessing the required volatility at low temperatures.

These fuels most frequently take the form of nonethylated aviation

gasolines, or mixtures of such gasolines with the basic fuel.

TABLE P:"

Starting Fuels for VRD in the United States
and England

l~moz~ece oiauu 2 DERD-2485 MIL-F4572
(Arman) 1 (A)"

""o% m e smo, ....... 75 7"50%.0 0 ... 105 i08
0% ...... 13S 1055 a . ueum .... NOM

Am pT. C1. ..8.. 30 0 -180"'=
•8 p. .................. .. 300-O'A

1) Physical-chemical characteristics:2)
England; 3) f'ractional composition, 4)C; 4)
.0%., not morve than; 5) end point, 0 C, no
-moi'e than; 6) saturated vapor pressure,
n"un lhg; 7) content of ethyl mixture; 8)
color; 9) none; 10) colohloss; 11) clear.

In the United States and England, aviation gasolines with any oc-

tane number are used to start VRD; 1% aviation oil is added. The char-

acteristlcs of theae f'uelj are shown in Table 147. The use of ethylated

aviation gaasolines aa '3tarting fuels is prohibited.

At the preseia, t.me, it 's also proposed to use as starting fuels

7- 5-
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self-igniting fuels such as trimethyl aluminum, or a mixture of this

substance with triethyl aluminum. Trimethyl aluminum has a heating

value of 10,000 kcal/kg, a crystallization point of-39°. In flight

tests, it ignited the working fuel after flameout to altitudes of

16 km. It is suggested that trimethyl aluminum will start VRD to alti-

tudes of 40 km. At the present time, self-igniting fuels are in the

test stage, and are produced only in small quantities [45, 46, 47,

48].
*'-• FUEL STANDARDS FOR VRD

The variety of commercial fuele presently produced for VRD, which

differ considerably among themselves both as to fraction and chemical A
composition have made it necessary to select from among them certain

grades that may serve as standards in carrying out acceptance and •, ,,

pulsed-repair tests of V11D, and also In carrying out scientific-re-

search work.

In England, grade RT-2978 kerosene fuel is used as such a stand-

"ard; this material is obtained by direct distillation. A character-

istic feature of the English standard fuel (Table 148) is the rigorous

determination of the fractional, chemical, and element composition, as

well as the other physical and chemical characteristics (sulfur, gum,

heating value, etc.) [28].

In the United States, the wide-boiling JP-4 fuel has been adopted

"" " as a standard in accordance with the Mil-F-5624B specification; this

*. is a mixture of straight distillates with cracking distillates. The

choice of grade JP-4 fuel as a standard is connected with the fact

• haL in the United States this fuel has found wide utilization. More-

. ever, JP-4 fuel Is closest in composition to the so-called "war-time

i'uel," and is thus considered desirable to conduct all VRD tests with

this fuel.

,'. - ~~676 - ':.
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TABLF 148
Fuel Standards for VRD

lo0umuo-xummqecKne noxaaae 2 RT-2978 MIL-F-5624B_ I i (CQUA)

""," TfaoMOCm * . , . ... 0,790 0T7,4-0,8t"

%%• DTewneOta~ypa a znepero--
C ,0 C ........... .... . 155 63"* 610% BLIHNnaOT 7arit .rOMflepa-• Type, OC .......... . ..... 177 .03

"7,0% TO We .......... ...... 249 232
x. H., .C ..... ........... 271 2709 r•HUUoDoA Inml•necuH. COcMaB, %:
"apoMaTecmne yrMeBo~opoJu 19A 1&8,0
va4Teuouw.e *39,2 }.. J-napa$noBue , • 41,4 76,0

'cl Aepmaane cepL, % ....... .... 0,037 038
poM1uie q'cu o, a 6polia Ba 100 a 1,0 5,0

D-aiTm'ecxie CMQNO , .a'il00 .A 5•0 3,0
OTeminepaTypa XpuCraniaalAaux, °C -42 -i.•T ennoTopuaa CHOCo6oHIO , X AaX,1X 10276 10220
-ReMaahmecKax BR3XOCTb, Cern:"""9 UPE TOeneparype 37,86 C 1 • • 1,54 -"a " •t7,7 C • • 4,29

.208aertesa'apnid coc..aB, %:
85,85*

.A......................14,2

76% nsaturated hydrocarbons.

"1) Physical-chemial charan.teristics; 2)
EnglanC; 3) density p 0; 4) fractional com-
sition; 5) InItial distillation point, °C;
6) 10% evaporated at temperature, °C; 7)
90%, the same; 8) end poiný °C; 9) group
chemical composition, %; 101 aromatic hy-
drocarbons; 11) nap}thenes; 12) paraffins;
13) sulfur coatent, %; 14) bromine number,

bromine per 100 .; 15) ex-stent gum,,
rng/100 ml, 16) crystallizatica point, C;
17 heating va2ue, kcal/kg; 18) kinematic
viscosity, centistc'kes; 19) at temperatu.,e
of 7.8 0C; 20) element comixsition, %.

T-! fuel is used as the standard fuel, normally, in the USSR.

FUELS FOR VRD IN CIVIL AVIATION

As a rule, in civil aviation the fuels used for VRD have first

galned accept.. ce in military aviation. In recent years, however, the

question of fuels for civilian aircraft with VRD has bcen discussed

"widely (49, 50, 51, 52]. The reason for this appears to be the fact

7. :. that not all of the requirements imposed upon a fuel from the view- F
point of military aviation apply with equal force to civil aviation

-677-
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TABLE 149 J
Specifications for VRD Fuel for Civil and Military
Aviation

2 TpeGo•nau• It TOMMY
1 fomaaTe~in n 3iiz~ 4riat anutawnl•L_

TeMnept•Typa Ipncaanna~ur. C 12 -6O 16 -40o
- ~ *6 ýPMWI ýURO.1 M OCTwIoc (UnoXP00aporCIoCTh) I3TOPOTMmo'ello Mitntstamwanba

Pecypcw 14ac•.a,• I •Cpe~nNe 1
8 CTOUMOCTm 9 116Cpio 14cpegu1!e.a6

llcnape.OWTh (ee mruniii cropaniie)0 M aicHN:ll itanI lu.a1OTa cropannfl
10 115 (3 .C ia 1,1IIU OVIONWCUII I0-.- -1i0)"ll i

CTaGIJ.UM Iocm upn xpaneulin 1 1-2 roa
""-1Teaou1TBop1ztw cnocoGiocm, l.haltcIaa•ba

"") Characteristics; 2) fuel requirements; 3) mili-
tary aviation; 4) civil aviation; 5) crystalliza-
tion point, OC; 6) inflammability (fire hazard);

"7) resources; 8) cost; 9) volatility (its effect
upon combustion); 10) stability in storage; 11)
heating value; 12) of secondary importance; 13)
"maximum; 14) moderate; 15) maximum completeness

-• of combustion without formation of deposits for
�~ 1-2 years; 16) minimum.

(Table 149). Fuels for VRD in civil aviation should have decreased

fire hazard, minimum cost, and average low-temperature properties

(crystallization temperature not above -400).

The question of which fuel is best suited to civil aviation has

been studied for a long period of time: wide-boiling fuel or kerosene-

type fuel.

. These studies have resulted in divided opinions. Thus, in England

"*.." it is considered the best fuel for civilian aircraft using VRD is

kerosene-type fuel, while in the United States, on the other hand,

wide-boiling fuel is thought best. In Soviet civil aviation, the T-1"

and TS-l kerosene-type fuels are widely used at present.

CHEMICAL COMPOSITION OF VRD FUELS

""•els for VRD oonsist of petroleum fractions boiling in the 65-.'

350. range, i.e., gasoline, naphtha,, kerosene, and for supersonic air-
craft, gas-oil fractions.

t-" Chemical composition has a considerable effect upon the opera ."-
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characteristics of VRD fuels. Certain classes of hydrocarbons such as

Vthe aromatic, the normal paraffin, and the unsaturated have a negative

effect upon engine characteristics and fuel quality. An increased con-

tent of aromatic hydrocarbons increases the carbon-forming ability of

the fuel, nozrmal paraffin hydrooarbons raise the crystallization

point, and unsaturated hydrocarbons decrease fuel stability under

storage conditions. As a result, in existing technical specifications

for VRD fuels, the amount of aromatic hydrocarbons contained in the
i-1

fuel is limited to 20-25%, the unsaturated hydrocarbons to 2-3.0%,

while the presence of normal paraffin hydrocarbons is limited by the "

low freezing point of -60°.

Accordingly, the modern VRD fuels T-l, TS-1, T-2, and T-5 contain ">

only from 15 to 20% aromatic hydrocarbons, and the amount established

by the standard is not exceeded. Isoparaffin hydrocarbons are present

"in the fuels in amounts of 33-61%, naphthene hydrocarbons in amounts

of 21-45%. The relationship of the aromatic, paraffin, and naphthene

hydrocarbons in the fuel, depends, within the limits shown above, upon

-d the nature of the refined petroleum. The content of unsaturated hydro-

carbons in fuels for VRD varies from 1.0 to 3.0%.

Among the aromatic hydrocaarbons in VRD fuels, the least desirable

are the bicyclic hydrocarbons, which have a very great ability to form

carbon [4]. Droegumueller and Nilson [53) have shown that in order to

prevent excessive carbon formation and to decrease engine smoking in

takeoff, the bicyclic aromatic hydrocarbons should not be present in

the fuel in amounts greater than 3%.

.T.he amount of guimmy material contained in VRD fuels is also lim-

ited. as they can considerably decrease the thermal stability of the

fuels. According to existing standards, the so-called existent gum,

which to a certain degree characterizes the amount of gummy substances

- 679 "
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contained in a fuel, should not exceed 8-11 mg/100 ml.

Sulfur compounds are undesirable constituents of VRD fuels; this

applies especially to the mercaptans, which cause vigorous corrosion

of engine fuel-system parts. Thus, the total amount of sulfur in VRD

;..- fuels is limited to 0.2-0.4%, while the mercaptan-sulfur content is

held to 0. 001-0.01%.'-V'
Despite these limitations, fuels for VRD may differ considerably

in their chemical compositions. This will depend upon differences in

the fuel fractional composition, method by which they are produced,

and the origin of the crude used in their preparation [54-61].

Hydrocarbons of various types and structures form the basis for

modern VRD fuels. Oxygen, gummy, and sulfur compounds are normally

present in fuels in amounts not exceeding 1.0%; even in such small

quantities, however, they have a substantial effect upon fuel per-

formance.

SGummy and Oxygen Compounds

"Gummy and oxygen compounds are contained in straight-distilled

VI D fuels in quantities not exceeding 0. 15%. In fuels containing

thermal-cracking components, the amount of these compounds present may

reach 1.0%. It is clear from Table 150 that the amount of oxygen and

gummy compounds in straight-distilled fuels is less by a factor of 8-

10 than in fuels containing thermal-cracking components. Despite this

fact, oxygen and gumqy compounds greatly impair the thermal stability

of T-2, TS-l, and T-1 fuels. Separation of the oxygen and gummy com-

pounds from the fuels aids in sharply decreasing the deposit-forming

ablilty of-the fuels for VED at elevated temperatures [9). The chem-.

"ical compc_.tLon of oxygen and gummy compounds in VRD fuels has been -

studied by Ya.B. Chertkov and V.N. Zrelov [9., 10]. oxygen and gummiy.

compoundts were separated from the VRD fuels by chromatography with
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TABLE 150
Content of Oxygen and Gummy Compounds in
Fuels for VRD

C031111103coctn, %(oim),, 141lNC.lOpO,'l-,
1lWX it Cie- 1 =IIO " 5'

lTonamna MuICTIo. 4KIIoO- CMoniU-
COCA iitft1 pOiltIJUlX CTUXo

a OUjilIDO, CoeAn1- M AU-'-

MI/100 04 It86h J "Onit

T-2 rp•Ot;!101e 100 ..... ........ 92 86 14

7 TC-t TY1tA-1m1lCI0oo ....... 80 84 1,
8 T-1 6axmiiuco...........21 79 21

9 MINaJtICsHuit )WPOCilhl •TepUf'IICOClo0

...ra ..... ........... t267 62 38

cuoro xpenufra ....... 497 69 31

"W include among the gummy compounds oxi-
dation products that are not driven off in
vacuum at 1-2 mm Hg.

1) Fuels; 2) content of oxygen and gummy
"compounds in fuel, mg100 ml; 3) composi-
tion, % (relative); 4) oxygen compounds;
5) gummy compounds; 6) T-2, Grozniy; 7)
TS-1, Tuymazy; 8) T-l, Baku; 9) Baku kero-
sene, thermal cracking; 10) Tuymazy kero-sene, thermal cracking.

.. silica gel. They take the form of viscous, dark-brown liquids with

high molecular weight, roughly twice the molecular weight of the fuel

from which they are taken. Oxygen and gummy compounds are character-

ized by high iodine atd hydroxyl numbers. They contain a considerable

quantity of osteric and acid substances.

The basic component of oxygen compounds in VRD fuels are alcohols, ,

of which no more than 25% combine with a carborql group. The alcohols

contained in the fuels have a single aromatic ring in their structure; -

in its side chain, there 's a single double bond, and a single hydroxyl T

group. They have almost no negative effect upon the operating qualities :S:

of AMID fuels.
". -,. ~ The gummy compounds have the worst effect upon the operating

qualll!es of VRD fuels. In VRD fuels, there are neutral and acid gummy

IL - 631 -



compounds.

Neutral gums are predominant among the gummy compounds in VRD

*,fuel; they form 95-97% of the entire amount of gum. The neutral gums

are characterized by high hydroxyl numbers (275) and iodine numbers
V...

. (90), which indicates that there is a single double bond in the mole-

cule of neutral gums, and that there is a single hydroxyl group. The

neutral gums are chiefly products of alcohol polymerization.

An investigation of the effect of neutral gums on the acidity of

VRD fuels has shown that they have no noticeable effect. As far as

the acid gums are concerned, they greatly intensify fuel oxidation,

even when present in small quantities. A similar effect upon fuel

acidity is shown by the hydroxy acids. In VRD fuels, the hydroxy acids

are dark-brown liquids of the gummy type; they are contained in the

fuel in small amounts.

Sulfur Comounds

Sulfur compounds in VRD fuels are normally present in small quan-

tities. The maximum total sulfur content in VRD fuels does not exceed

0.25-3.4%. Sulfur compounds in VRD fuels form two groups: active (ele-

mentary sulfur, hydrogen sulfide, and the mercaptans) and inactive

(sulfides, disulfides, thiophanes, thiophenes, and the so-called re-

sidual sulfur).

In view of the fact that the active sulfur compounds corrode fuel-

apparatus elements in VWD, their content in a fuel is strictly limited.

41. Thus, there should be no more than 0.01-0.005% mercaptan sulfur in a

"fuel. Hydrogen sulfide and elementary sulfur should be almost corn-

pletely absent, and this is checked by tests on lead paper and a cop-

"per plate.

The chemical composition of sulfur compounds in VRD fuels is ..

shown in Table 151.
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It follows from the data given that the major portion of the sul-

"fur compounds in VRD fuels is allotted to the residual sulfur, which

so far has not been characterized in depth. An investigation of the

effect of residual sulfur on corrosive aggressiveness and thermal sta- .

bi)lity of VED fuels has shown that it has praotically no influence

upon these fuel properties.

Owing to the fact that there is normally no hydrogen sulfide or

elementary sulfur in VRD fuels, the corrosion aggressiveness of the

fuels is determined chiefly by the mercaptans present in the fuels.

Aliphatic and aromatic mercaptans may be present in VRD fuels. The

aliphatic mercaptans, contained chiefly in the straight-distilled TS-l

and T-2 fuels [7, 62] display the greatest corrosion aggressiveness.

In fuels with thermal-cracking components, it is basically the aro-

matic mercaptans that are contained; they are not corrosive with re-

spect to copper alloys. This situation has found confirmation in the

work of I.Ye. Bespolov and Ye.E. Kolotushkin as well [19].

The sulfides present in VRD fuels are aliphatic and aromatic in

nature. The distribution of aromatic and aliphatic sulfides, as Table

"TABLE 151

'0: ."" Chemical Composition of Sulfur Compounds .* . -

in VRD Fuels

1 2 Co;k0pe,•'iuc coojt,,,,u.,,,i Copm, %
To,,juiuo 3 U 0I ce Doo- 0 .1010'11- "• eop an - Al i 18 Y"b ' ."TA-

"10.10TC-_ . . 0,•40 HOT I r 0,004 0,051 0,032 0,353

T-2 ... 0,220 01005 0,009 0,015 041911

"1) Fuel; 2) sulfur-compound content, %;
3) total; L4.) hydrogen sulfide; 5) ele-
mentary; 6) mercaptans; 7) disulfides;
8) sulfides; 9) residual; 10) none.

* 152 shows, is in many ways similar to the distribution of the mercap-

tans. In other words, aliphatic sulfides predominate in straiGht-dis-
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TABLE 152

Composition of Sulfides in VRD Fuels
- 2 CyA14,,•-, % ... . .....

Tornwa pns oi 3PRO
. ronvr apoM.MrI•IcHUO at4aurctO

S1.....

TCA ~OTCyTCTDYIOT 475
TC 7,08 26,50

T-2........ 8,97 63,00

1) Straight-distillation fuels; 2)
sulfides, %; 3) aromatic; 4) all-
phatic; 5) none; 6) TS-I.

tilled fuels, and aromatic sulfides in fuels containing thermal-crack-

ing components. An increase in sulfide content for VRD fuels leads to

a drop in their thermal stability. The aromatic sulfides have the

greatest influence upon the decrease in thermal stability of VRD fuels.

As the VRD fuel boiling point goes up, the amount of aromatic sulfides

increases, and the aliphatic sulfide content drops. Among the sulfides

in VRD fuels, a significant proportion is represented by derivatives

of thiophane and thiophene, in the mono-, bi-, and tricyclic forms

""63, 64].

The amount of disulfides present in VRD fuels depends upon the

origin of the crude petroleum. Thus, no disulfides were found in TS-1

fuel refined out of petroleum from carboniferous deposits of the Tuy-

mazy area [63]. Some of the disulfides are members of compounds that

increase'the thermal stability of Dhe fuels.
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Chapter 21.

OPERATING CHARACTERISTICS OF FUELS FOR

AIR- REACTION ENGIN~ES

The development of modern aviation using air-reaction engines

(VRD), conversion of aircraft to supersonic flight speeds at high al-

titudes have shifted the following operating properties to the leading

position: energy characteristics (heating value, density, completeness

of combustion), thermal stability, carbon-formation ability, and vis-

cosity-temperature characteristics. In addition to these properties,

as before, much attention is devoted to volatility, corrosion aggres-

siveness, stability in storage, fire resistance, solubility of air and

water in fuels, as well as the starting and low-temperature character-

istics of fuels for VRD.
The operating characteristics of fuels for VRD can be classified

i into two basic groups: first group - characteristics affecting the op-

eration of the VRD fuel system, and the second group - characteristics

affecting the operation of the combustion chamber, gas turbLne, and

other elements of the engine gas-air system.

In the present chapter, we shall consider the effect of certain

fuel properties on both fuel-system operation and the operation of ele-

ments in the engine gas-air system.

ZEFFECT OF FUEL QUALITY UPON OPERATION OF VRD FUEL SYSTEK4

In modern VRD, the fuel is supplied to the combustion chamber in
-quanti. 1ieS of from 200 to 8000 liter/hr at a pressure of l.4-55.0 ,

as deterrmined by the design and operating regime of the enmine. The
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thrust of a VRD varies as a function of the variation of the amount of

fuel supplied. With the throttle control kept in the same position,

the fuel flow rate should be maintained constant under any conditions, :

either in flight at high altitudes at subsonic speeds under low-temp-

erature conditions, or in flight at supersonic speeds under conditions

of considerable aerodynamic heating. The following factors affect the

variation in fuel flow rate in this case:

i1 1) formation of vapor locks;

2) liberation of air dissolved in the fuel;

3) fuel crystallization;

41) crystallization of water dissolved in fuel;

5) corrosive effect of fuel upon fuel-system elements;.

6) for-nation of sediments not dissolved in fuel.

Accordingly, we shall consider the effect of fuel quality upon

the phenomena mentioned above.

Effect of Fuel uality Upon Losses Due to Evaporation and Formation of

Vaor Lock
Fuel volatility greatly affects uninterrupted operation of a VRD.

* Modern aircraft with VRD have high climb rates. As a result, the fuel

. temperature in the tanks is almost unchanged during the climb, and re-

mains approximately equal to the temperature at takeoff. Thus, in a

climb to a height of 12.2 ukn, the fuel temperature in subsonic air-

* .:: craft drops by only from 190 to 160 (Fig. 194) (lb

In flight tests of the American wide-boiling JP_-3 fuel in climb-
0

ing, its evaporation at the initial temperature of 43 was so vigorous

that after a certain period of time, the fuel was observed to boil;

this was accompanied by loss of fuel from openings in the fuel tank.

As a result, fuel losses amounted' to from two-thirds to three-quarteor

of all the fuel in the fuel tanks [2]. This phenomenon was t no
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S2 6/comonunew~x,, in tests of kerosene-type JP-l fuel in a
0 6 12 M8 24

' climb to an altitude of 18.3 km. The basic

effect upon fuel loss in subsonic aircraft

-is due to the flight altitude, initial

3 temperature,, and fuel vapor pressure. The

climb rate (as we can see from Table 153)

,.0 6 has almost no effect upon fuel losses.,:0 2 4 6

4 I•oen•. axo,7a no/ve#v.uN. The initial fuel temperature has a

Fig. 194. Variation
" i e r r rgreat effect upon fuel losses in climbing.S~in temperature and

• ~~losses owing to evap- •-,-
losseion ofingtoleva- The higher the initial fuel temperature, the
oration of gasoline-
type fuel as a func-tion-ofatitude. ) more rapidly at a lower altitude the fuel". ~~tion of altitude. 1).-...

..- Fuel losses, %; 2)atudelosses, k; 2)u- will boil, and the greater the losses that
altitude, 10m; 3)0fu-
el temperature, •C; will be observed at high altitudes.
4) time from initia-
tion of flight, mfln. Up to the present time, a great deal of

*I• attention has been devoted in the United States .to studying the effect

of initial temperature and ambient pressure corresponding to an alti-

tude of up to 15 km of fuel volatility 3]-.

TABLE 153

Effect of Climb Rate Upon Fuel Losses
Owing to Evaporation

CK~pOC~h 2 flQTepa Tott4Ua so"Ao eucolb 18.3 R, 

,"

toMIo un Gatit' TOURnso vona uwpo-
lit C tIA'4.11m,.oia NMI Itf $§Q U 3_ Iailepnato 2DS MAMA wmhpa-

________714 TYPOA 15,50

'"4 155 12810.3
3M5 V%152 10.6
4590 15,0 M1.5
6120 13&0 10,7
7810 15,21034•.. _,_____,__g , "-'

D WpAi.t a5 140 tO.7I

1) Climb rate, m/rin; 2) fuel losses
during climb to height of 18.3 kn, %;
3) gasoline-type fuel with initial
temperature (Key continued on next
page]
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[Key to Table 153 continued]: of 200; 4) wide-boiling-type fuel, ini-
tial temperature 15.50; 5) average.

.:I.

TABLE 154
Losses Owing to Evaporation for Various VRD
Fuels at Height of 18.3 ,.n

Y¥pyrocT, 3noTepa ia am.-e-.
1 on" Up 18,3 xx (a %) opu

,-,MB 37X. 'j

*"2 X#/CM' 15,50 37.80

72Tna uOpocUna....... Hla 0,007 0,0 0,0
""Tna MupoKofl ýpanu 0,130 0,0 1,0

'.. MW . .... ......... 0.47 9,6 15,0

I) Fuel; 2) vapor pressure at 37.80,
kg/cm2 ; 3) losses at altitude of 18.3 km
(T) at; 4) kerosene type; 5) wide-boiling
type; 6) the same; 7) below.

"" " - *1
-:---- - - °I60-O - y5 . i!:

3 P",145

e A
Z!o,, - •..• •,oo 600,_- 0

1,7 6 5 6 2?7 J 49 wzo -
4 Had400Men p 441 go I70 NO zoo 20 W4 280

Fig. 195. Effect of Fig. 196. Relationship among
initial temperature vapor pressure, initial temp-
on losses owing to erature, and height at which
evaporation for varl- VRD fuiel begins to boil. 1)ou- VAD fuels at Height at which fuel begins
height of 18.3 Ian. 1) to boil, m; 2) saturated va-
Gasoline-type fuel; por pressure at 380, Mm Hz;

A 2) wide-boilling-type 3) excess pressure at which
fuel; 3) fuel losses, fuel boils, mm l.g.

4%;) initialafuel
temperature, C.

A study of losses for various fuels owing to boiling at. a heiih... .

of 18.3 km (Fig. 195) shows that fuel losses differ for the same,
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tial temperature [E]. This is explained by the difference in the vapor

pressures of these fuels. The vapor pressure of a fuel is one of the

basic characteristics that determines the flight altitude at which a

fuel commences to boil. The relationship between the saturated vapor

pressure of a fuel, the initial temperature, and the height at which

the fuel boils is shown in Fig. 196 [4]. It is clear from the data ___

given that at an initial temperature of 200, kerosene-type fuels (T-l,

"TS-I, etc.) will boil at a height of 20.5 kin, while wide-boiling-type

fuel with a vapor pressure of 100 mm Hg (T-2) will boil at a height of

16.5 km.

Large losses due to evaporation are observed when the fuel has a

high vapor pressure. Fuel losses for vapor pressures greater than

. 0.136-0.210 kg/cm2 may be considerable even at 37.80. In fuels having

* vapor pressures fluctuating from 0.351 to 0.492 kg/cm2 , the losses at

* a height of 18.3 km (Table 154) may reach 10%, even for the case in

which the temperature at ground level is 15.50. If the initial temper- 72

ature amounts to 37.80, the losses at a height of 18.3 ka may reach

20% (1].
Such great luuuus at high altitudes cause a change in the com-

position of the fuel in the tank, since it is chiefly the light frac-

tions that evaporate. This essentially eliminates completely the ad-

vantages inherent in a wide-boiling fuel having a vapor pressure of

"about 0.47 kg/cmL as a result of the introduction of low-boiling com-

* "ponents, Here the vapor pressure, volatility, and detonation points

will change. The expansion in VA]) fuel resources attained by introduc-

"irnk low-boiling components proves to be illusory.

"Since the vapor-formation rate increases cons4derably in climb-

ing, high pressures appear in the fuel tanks, necessitating a com-

plicated systom of valves and openings for reducing the pressure.
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TABLE 155
"VRD Fuel Vapor Pressure as a Function of Tempera-
"ture

1 n2 YnpyrCcm HpoD (n .. 1 PT. CT.) np.

200 400 60 j 800 100 200 J1400 1000

T-2. . C oo0 o, 280 475 700 -
T-2 ......... 30 35 40 80 I10 240 440 640
T,5 .. . ............ - 020 30 G 00 160 '220

1) Fuel; 2) vapor pressure (in mm Hg) at.

TABLE 156

Ratio of Vapor Phase to Liquid Phase as a Func-
tion of flight altitude for VRD Fuels at 37.80

OTtoMuoiwo naponofi Faa3I x mnAxoik
1 Tonanso 2 V11 np..toCOTo UO-o?8, X.M

_________3_ 34,61 51 9 112 16.7

Tuna Genauna ............ 0,8 2,0 4,0 -- - -

4 Tna xopociua........... . . 01 0,1A 0.2 0OA - 2,

"""1) Fuel; 2) ratio of vapor phase to liquid phase,
V/i at a flight altitude in km of; 3) gasoline
type; 4) kerosene type.

Losses of fuel due to evaporation may be decreased by two me-

thods: by sealing the tanks, and by cooling the fuel prior to the

flight [51.

In addition to large quantitative losses in the VRD fuel system

when wide-boillng fuels with high vapor pressures are used, even at

low altitudes, vapor locks may form, causing serious interruptions in

the operation of the engine fuel system.

When the aircraft io climbing, the pransure at the fuel-pump in-

lot Is reduced, causitn a drop in the line excess pressure as corn-

,w'od with the fuel vapor pressure. At a certain altitude, for which

the fuel vapor pressure approaches the pressure ir front of the pump,

the fuel emits vapors vigorously, leading to the formation or vapor

locks in the fuel system, and to a sharp drop in the amount of £..-

-693-



"4..

supplied to the combustion chamber.

Kerosene-type fuels used for VRD have low vapor pressures. When

- kerosene-type fuel is used for subsonic aircrafts,, vapor locks are

not formed. It is possible to fly at altitudes greater than 12-14 k•i

"-, without sealing or applying excess pressure to the fuel tanks for

kerosene-type fuels (T-l, TS-l, T-5, JP-I, JP-5) that evaporate in the

140-280° range and have vapor pressures below 100 mm Hg. Wide-boiling

Jet fuels (T-2, JP-4), evaporating in the 60-2800 range, and having "

vapor pressures of 100-150 mm Hg provide reliable aircraft fuel4-ystaln ..

operation, without the use of excess pressure in the fuel tahks, only

,-* to altitudes of 10-12 kmn.

- For modern supersonic aircraft, the fuel temperature increases in 1.,"-I

"flight owing to the heating of the entire aircraft structure, and the

-" utilization of the fuel as a cooling agent. At the higher temperatures,

the fuel vapor pressure rises. For kerosene-type fuels, this increase

is slight up to temperatures of 800, at which point- the vapor pressure

of wide-boiling-type fuels rises sharply (Table 155). Thus, Walkery

[6] has shown that a wide-boiling-type fuel with vapor pressure of

1.50 mm Hg begins to boil in aircraft tanks at a height of 8.7 km at a

temperature of 50. In the United States, the effect of fuel volatil-

ity upon fuel-system operation in supersonic aircraft has been evalu-

ated under laboratory conditions by a determination of the maximum

pressure in a special fuel tank at a temperature of 2300 [2]. Under

- such conditions, a tank containing JP-4 fuel developed a pressure of

up to 14 kg/cm2 , while a gas-oil type fuel produced only 1.2 kg/cm.

,. The tendency of the fuel to form vapor locks can be determined on the

basis of the volumetric ratio of the vapor aiLd liquid phases v/i. The

ratio of the volume of vapor phase to the volume of liquid phase de-

pends upon the aircraft flight altitude; it is shown in Table 156. I''"
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we assume that a permissible v/l ratio for a fuel system equals twu,

* - then gasoline-type fuel forms vapor locks at a temperature of 37. 80 at

"a height of 14.6 km.

For kerosene-type fuel, vapor locks do not form at this tempera-.

Sture while the aircraft is flying at an altitude of 16.7 km. For su-

personic aircraft, in which the fuel may develop temperatures of 120- ;

1500 in the fuel system, the formation of vapor locks may set in at a

considerably lower altitude, unless a heavier fuel is used, such as

type T-5.

Fuel vapor pressure has a substantial effect upon aircraft range,

fuel-tank weight, and on the size and operation of the fuel pump. The

" throughput of a fuel pump working with kerosene-type fuel is approxi-

-. mately double that obtained with gasoline-type fuel having a vapor

"pressure 0.49 kg . The decrease in fuel-pump throughput for kero-

sene-type fuel in climbing, and the drop in fuel-line pressure will be

slight (10-15%), while for gasoline-type fuel, the pump flowthrough

:,: will decrease by 30-40% (5].
"-I.

For fuels having high vapor pressure, pumps 2-4 times larger are

needed than for kerosene-type fuels. Moreover, gasoline-type fuels

* require more powerful auxiliary pumps.

Solubility of Air in VRD Fuels

* * When a jet aircraft climbs rapidly to a high altitude, at a spe-

cific moment sudden foaming of the fuel and ejection of part of it

from the tank through openings and valves will be observed. These phe-

-. nomena are connected with the sudden evolution of dissolved air from

. tho fuel. This ooours basically when the engine operates with high.-

boiling kerosene-type fuels, with a low content of low-boiling coin-

ponents. When an aircraft climbs, dissolved air will also ezcapo .,i -
low-boiling fuels; its liberation, however, occurs uniformnly durl-.'.
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':• TABILE 157

Solubility of Air in Fuels as a Function .".
of Their Characteristics

1 2 npm [ rl oo TUoe Pat-Tnp.UtocMP
fl lonwCen Bn3RO"c6 U noanyxa IIp 2i1 0.,

,,,2l°, n 760 JAM p?. CM.,,.I.W3  ... CC I 3 c•~ w 4•3 % o6ou."
I-%

0,882 898 29,9 7.75
0,880 tr 368 29,5 , 0.05
0,870 17,5 26.8 9.70
0,780 1,7 23,4 17.20
0,723 0,6 18,4 M2280

"0)oDensity at 21o, g/cm3 ; 2) viscosity at
21 , centistokes 3) surface tension at
210, dynes/era; 41 solubility of air at 210
and 760 mm Hg., % by volume.

"rABiE 158
Quantity of Air and Rate of Evolution from VRD 1-
Fuels in Climbing

2 IB.NuenMT1o noUAny1a (a % 3 CRopocm. BuIGIUoMn noa.,YVX
.. 13,o-er o6'1.ML.) .pu xoa4tnuAeu'Te (1__.u.%t00 .A.. X a 1 ro3 nmA".T'OACUT, P a•rT 6OP1MOCS 0 Rl#1tO,@•.teUTOM ]paTOopuMoM•

"0,025 0,01 0,025 I oo

.,2 2,5 115 2,5 1.5
...4 -,0 3,0 2,5 1,5
.1,9 7,5 4,5 2,5 1,5
5,7 t0,O 6.0 2,5 1,5
8,1 1245 7,5 2,5 1,5

lilt R5,0 9,0 2.5 1,5
17,4 t7,5 10,5 2,5 t's

1) Flight altitude, km; 2) evolution of air (in %
Sby volume) for solubility factor of; 3) rate of

•,evolution of air (in ml/100 ml km) from fuel with
solubility factor of.

the flight, and the volume of air liberated is slight in comparison

with the volume of fuel vapors forming.

,- There is relatively little air dissolved in VRD fuels. Gaanllne-

type fuels have roughly 20 to 25% air in solution, by volume, and

kerosene-type fuels from 13 to 15% by volume (11.
* -- An investigation of air solubility in VRD fuels of different

chemical compositions has shown that the solubility of air depends
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upon the surface tension, density, and viscosity of the fuels. As the

surface tension, density, and viscosity increase (Table 157) the solu-

bility of air in the fuels drops. Aromatic hydrocarbons with low boil-

ing points have high surface tension and correspondingly lower air

solubility than do paraffin fractions with the same boiling points.

The amount of moisture dissolved in the fuel also affects the

solubility of air. In the presence of moisture, the air-solubility

factor rises from 0.0191 to 0.021. Consequently, at low atmospheric

pressure somewhat more air is liberated from a wet VRD fuel than from

a dry fuel.

"It has been established that the cause of the sudden liberation

of air from a fuel is the state of supersaturation of the fuel by air
-j. -

during the rapid ascent of the aircraft to a great height. I• •r certain

- heavy hydrocarbon mixtures, it is possible to obtain air supersatura-

"tion up to 100%. The vigorous evolution of air from a supersaturated

fuel commences at a great height owing to the rapid mixing of the

fuel. When the fuel is mixed, the rate of air liberation is several

thousand times greater than in a calm state [7].

Experiments have shown that in a fuel tank 90% full at a climb

rate of 7620 m/mIn with constant rapid mixing, air is liberated from

saturated kerosene uniformly at an altitude of 2440-3050 m, while at

an altitude of 18,300 m, air evolution ceases owing to the onset of

equilibrium. Under similar conditions, without mixing, no evolution of

air is observed. When the flight ceiling is reached, however, follow-

ing rapid brief mixing vigorous evolution of air is observed leading

to gvrat turbulence in the kerosene, and to the ejection of a part of

the fuel from the tank. If only mild mixing of the fuel occurs, vig-

orous evolution of air Is not observed even at Lhe ce1l!ins al ltude.

The fuel will not be supersaturated with air If the Mel eis v; -
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orously mixed while the aircraft is climbing. Here, as we can see from

Table 158, the air is given off at a constant rate that is independent

of the flight altitude. The absolute quantity of air escaping varies

as a function of flight altitude and the solubility of the air in the

"fuel.

The solubilities in the fuel of the oxygen, nitrogen, and inert

gases making up the air differ. At 15.50, the solubility factor for

oxygen in kerosene-type fuel equals 0.0285, and it is 0.0157 for ni-

* trcgen. As a result, oxygen is dissolved in the fuel in greater pro-

i, portions than it is contained in the air.

'2 - ~ Thus the gaseous mixture evolving from the

S__ Thfuel is richer in oxygen than ordinary air.

,The volumetric ratio of nitrogen to oxygen

3 JJ '\~ K2.\ amounts to 2.07:1 in this gas, while for air

1 Z 7 JZ 49 50 71 V it is 3.76:1. Figure 197 shows that this

phenomenon effects the change in the detona- -[,). Fig. 197. Detonation ).

i"" limits for mixtures tion points of mixtures formed with vaporsof kerosene-type fuel
"vapors with ordinary of kerosene-type VRD fuels. It has been es-
air, and with gas es- -
c aping frcn.i fuel. 1) tablished that the Sas escaping from a ke'o-

.4 .With sir; 2) with• i[" evolvi.ng Cas enriched "
evwith o en.; 3) enrich uene-typu fuel does not create a major Ox-
with okygen; 3)
e'ature,i O; plosion hazaid. A gas with increased oxygen

content, however, Is a more aggressive me-

dium with respect t1o corrosion of materials in the engine iel-uy-atem

Sunits thaui Is ordinary air.

"It has been saugesited that foaming of jot fuels be prevenorLd by

addfrl to them rluorine compounds of allphatlc hydroc 'bons with from

8 to 30 carbon atwis, boiling at 120-13O0 (10 mm 1g) [81. :n order to

improve t'e d~speraon of aed•mento of thio type, -odium dioctyl Sul-

fosucciate '18 added te them. W'hen 0.075% of such additives are pre-
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sent in a jet fuel, the column of foam forming at a specific vacuum in

the fuel drops from 761 mm to 12 mm.

Corrosion Aggressiveness of VRD Fuels

During operation of VRD, fuels, and especially those with a con-

siderable content of sulfur compounds, cause corrosion of parts in

several engine units. Two types of engine corrosion are distinguished:

1)liquid-phase corrosion of fuel-system elements;

2) high-temperature gas corrosion of combustion-chamber walls,

exit nozzle, and gas-turbine parts.

Liquid-phase corrosion of fuel-system element parts (fuel pumps, K

* barometric regulator, automatic fuel distributor, filters, throttle

valve) is manifested in chemical and electrochemical processes. Chem-

ical corrosion occurs under the direct chemical interaction of cor-

*• rosive active substances contained in the fuel with metals or alloys

used to manufacture fuel-system e'ement parts. Many fuel-system ele-

ment parts are made from copper, nickel, or their alloys, and many are

cadmium plated; all of these materials are liable to chemical corro-

sion.

Corrosion is most frequently noted in the nonworking surfaces of

rotors, the end sections of the servo-piston spring and the fuel-pump .'2

input-filter springs, the barostat springs, screen filters, etc.

There have been many studies of the corrosion aggressiveness of

VRD fuels in the liquid phase (9, 10, 11].

There has now been developed a complex method for evaluating the

corrosion aggressiveness of VRD fuels, which makes it possible to de-

tarmino not only the weight loss of metal, but also the magnitude of

corrosion deposits on a metal surface and the corrosion sediments in

fuels [9].
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Corrosion under the influence of fuel components

Sulfur compounds are the basic corrosion-active components of

SVRD fuels. Fuel hydrocarbons and oxygen compounds, however, also af-

feet the corrosion aggressiveness of sulferous fuels. Thus, aromatic

hydrooarbons are capable of decreasing oonsiderably the corrosion of

* certain metals under the influence of organic acids, while paraffin

hydrocarbons do not possess this property (123.
Aaong the sulfur compounds of kerosene distillates, the corro-

sion-active compounds are hydrogen sulfide, elementary sulfur, and the

mercaptans. Commercial VRD fuels contain no hydrogen sulfide after re-

fining. Thus, the corrosion aggressiveness of VRD fhels of the TS-I

and T-2 types depend chiefly upon the elementary sulfur and Mercaptans •

contained in them (Table 159).

Elementary sulfur causes corrosion mainly of fuel-apparatus parts

Smade from copper alloys; cadmium or zinc coatings are not effective.

41 - Figure 198 shows graphically the effect of elementary sulfur on cor-

rosion and the amount of corrosion deposits for VB-24 antimony bronze
(13]. The data given show that corrosion and deposits on the bronze

increase sharply where the elementary-sulfur content of the fuel is

greater than 0.002%. The corrosion process is accompanied first by

destruction of tae bronze surface, and then considerable corrosion de-

posits, black in color, are formed on the bronze (Table 160); the de-

"posits subsequently zeparate from the surface and accumulate in the

fuel as black insoluble edimentu. The more elementary sulfur con-

tained in a fuel, the more vigorously these processes occur.

The process of copper-alloy corrosion under the influence of ele-

mentary ,ulfur cannot be considered just as a process occurring on the
* - metal mur-aci. The study of Ya.B. Chertkov and A.T. Govorov [14] car-

id. o"rdocieslu 35
edod oe of adioactive sulfur SLh has shown that the

* -700
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TABLE 159

* Corrosion Aggressiveness of VRD Fuels Obtained
from Sulfurous Petroleums*

2 % cp r~, cop a nn loppo O.oe
1 Tonanno 3 oantel- MP- aM 5 1-24. na 6po.we.

i TapHo I 0 5 , -'4 .

TC-t ...... 0,001 0,002 0,5 0,3 3,0
8 To wo . . . . 0,00t 0,003 0,8 0,2 2,8

6 . . .. 0,002 0,006 2,5 0,6 3,4
. . . . . 0,002 0,040 7,2 1,2 8,5
6 . . . . 0,001 0,002 7,2 83 33

T-2 ..... 0,00t 0,030 8,0 0,9 3,5
T-2 0,604 0.003 6(5 8,0 3,7

*Ace~rding to KOC method at 1200.

"1) Fuel; 2) % sulfur in form of; 3) elementary
sulfur; 4) wercaptans; 5) corrosion of VB-24
bronze, g/m ; 6) deposits on bronze, g/m 2 ; 7) sed-
iments, mg/100 ml; 5) the same.

-fl

"?2 .

S•:,-- .. S;X•io~ exu 3AONeHOU ,,. CP~d

0. 0Z g03 0.004

Fig. 198. Effect of elementary
sulfur on corrosion and corrosion
deposits for VB-24 bronze. I) Ba-
ku T-l; II) Grozniy T-l; III TS-)..
1) Weight loss of metal, g/m•; 2)
deposits on metal, g/m2 ; 3) elemen-
tary-sulfur content, %.

basic mass of elementary sulfur in the fuel penetrates within the al-

loy and then proceeds to interact with ito components and to destroy

its initial structure. As Table 161 shows, at temperatures of 320 aiid .-

"1500, about 50-95% of all the elementary sulfur present in the f,.'el
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TABIZ 16o
Corrosion of VB-24 Bronze Under Influence of
Elementary Sulfur

R g~IILO~ tlipa1 35() GA O. ~ PPOSUR, OTAlOMgOININ CocTOAlnO I1ODOP;ZHOO!3
veiflapnorl COP1 b0 /A

cep, ..

0,055,0 7,0

8,1 12,0

* tii iT _iii_
a',,: '' '

0,015 12,0 19,0

i) Element~ary-sulfur concentrat~ion %;2) Cor-
rosion, g/m2 .*)dpsis / 2 41 7surface con-

3ý deosts . " 2

ditions; 5) no elementary sulfur.

[-,.', -,

appears within B-2"4, VB-24N, and VB-24NTs bronzes. An increase in

fuel tenprtrePo.10t 1500 leads to an increase in the migra-

tion of sulfur, within the alloy. Accordingly., considerably less fulu

accumulates in the deposits forining. upon the metal surface at the 1500
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TABLE 161

Distribution of Elementary Sulfur in Corrosion of
Various Grades of Bronze in VRD Fuel

:"12, pusa . ... 24 1 Bpo-3a BB-2411 r IpoUaa BB-24HII
"-"a2 1 a BB.a.. 3 (Hnxenenaa) ((HurNWe,-Inuxonan)

cep- uocnle CXOAZa HoeTpamx anO. Etp cOph, B TOJIIUDO, %

_______________0,0021 0,0041 0,0061 0.002 10,0041 0,0061 0,002I0041000

8 TO uepaTYpa 120*

B caaae ... 84,3 84,3 75,0 83,7 62,8 50,7 86,8 90,8 92,5
9B OTr•OlCOI;X1 15,3 15,1 24,6 15,9 36,7 1 48,9 12,7 8,9 7,0

B ocaxK&x . R.O. ACRe 0,1 Ol, 0,3 0,21 0,1 0,1 0,1 0,1
1.B yOnj • . .8 0,4 0,3 0,3 0,1 0,3 0,3 0,4 0,3 0,4

7TexnepaTypa 1500

.B cnna.e 9341 90,3 83,7 93,5 89,5 89,8 94,6 93,7 9t,8
ono~euux. 6,5 9,3 15,9 6,1 10,6 9,7 5,0 5,9 7,7

1 B oAax .. 0,1 0,1 0,1 0,1 0,1 0,1 0.1 0,1 0,1
11 B ronnase . 0,3 0,3 0,3 0,3 0,3 0,4 0,3 0,3 0,4

"1) Distribution of sulfur after testing; 2) VB-24
bronze; 3) VB-24N bronze (nickel); 4) VB-24NTs
bronze (nickel-zinc); 5) initial concentration of
elementary sulfur in I'uel, %; 6) temperature 1200;
7) temperature 1500; 8) in alloy; 9) in deposits;

" 10) in sediments; 11) in fuel; 12) traces.

TABLE 162

Effect of Mercaptan Sulfur on Corrosion Aggres-
"siveness of TS-I and T-2 Fael (at 600 after
100 hr)

1 HcxoAHoO TonmBDo 2 MeAr. " Bpouaa BB-24

""cowepmaune copu, % coePPauue 8 qojwppwune 10
_.,_ _ eprtan'a- stopKanTa- xop

.soa,1 cep,-, Hopponus, Uoiort copu
".'.', 'urce nocae UcUUTa- */.Ut  noMao UcU,,- . U,

5 o6•uefi Mepxanna- SUR, TaHIU,
U08011l 7 %%

l-Tonaubo TC-1
"0,12 l2O1Cy~cTayel
0,14 0,002 I t 1,4
0,15 0,005 - - 3,3
0,17 0,010 -- * 6,8
"0,18 0,025 0,024 0,3 0,005 9,3
0,30 o 0,050 -,05 0.5 - 08

,,',"13 T onauso T-2
0,14., 1T1 ,

. AO t 0,002 TOYMNY62 03e 0, 10pO•¥alyn• Ili.
045 0,15 11 0,001 2,5 3,5
0,15 ,010O 0,006 3,1 , 7,"
0,17 0,025 0,015 6,2 0,004 12,3 .
0,23 Q..050 . U 0U3 9,0,024 1,

(Key on following page]
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[Key to Table'162]: 1) Initial fuel; 2) copper; 3) VB-24 bronze; 4)
sulfur content, %; 5) total; 6) including mercaptan sulfuri 7) mercap-
tan-sulfur content after testing %; 8) corrosion, g/m2 ; 95 mercaptan-
sulfur content"after test, %; 10 corrosion, g/m2 ; 1i) TS-i fuel; 12)
none; 13) T-2 fuel.

temperature.

The process of bronze-alloy corrosion under the influence of ele.

- mentary sulfur occurs so vigorously that nearly all of the elementary

tii• sulfur is rapidly taken out of the fuel. VB-24 bronzes act as a sort :.

of "sponge," totally absorbing the elementary sulfur from the fuels.

The addition of nickel and zinc alloying elements to VB-24 bronze re- '

sults in almost no retardation of this process.

Serious operating difficulties appear when fuels are used that

have elevated corrosion aggressiveness owing to the presence of mer-

Scaptan sulfur in them. Bronze and cadmium parts of VRD fuel apparatus

*"prove to be extremely sensitive to the action of mercaptan sulfur.

Thus, under engine operating conditions in areas of high air humidity,

the formation of gelatinous deposits on cadmium surfaces of fuel-pump

parts has been noticed; in many cases, these deposits disturbed fuel-

system operation (15]. During bench tests of TS-I and T-2 fuels with

increased mercaptan-sulfur content, it was noted that corrosion of

"bronze engine fuel-apparatus parts occurred. As a result, there was

abrasion of bronze thrust bearings for pistons, and corrosion deposits

formed on the surface of the fuel-pump rotor. A portion of the corro-

sion deposits, entering the fuel, clogs nozzle passages, impairing

dispersion of the fuel and increasing carbon deposits in the combus-

tion chambers. The carbon causes buckling and splitting of fire tubes.

Cases were observed in which sediments of corrosion origin disturbed

operation of the fuel regulators. Thus, in one case the deposition of

corrosion sediments on a governor valve caused a fuel leak, and led to

a reduction in engine speed during takeoff.

. ,.4,.



.Mercaptans contained in TS.I and T-2 fuels chiefly cause corro-

sion of copper, VB-24 bronze, and cadmium. Steels, aluminum alloys,

and Br AZhN-10-4-4 bronze are not subject to corrosion by mercaptans

at the ambient air temperature. The corrosion aggressiveness of fuels

increases as the mercaptan-sulfur content rises (Table 162) [3,5.

VB-24 bronze suffers the most

corrosion under the influenc.> of mer-

captans. Corrosion of VB-24 bronze is

accompanied by a drop in the fuel mer-

2 captan sulfur content. Thus, in fuels

4 ~containing up to 0.01% r-arcaptan sul-
Bpems?. woeal

oof non- fur, the mercaptans are completely

ferrous metals and their gone after 100 hr. Mhere the mercaptan

temperatures of 100-120I) Sulfurous TS-l and T-2 sulfur content is greater than 0.025%,

fuels; 2) nonsulfurous T-l only a portion of the mercaptans con-
and T-5 fuels; 3) corro-
sion; 4) time, hr.

TABLE 163
Effect of Boiling Range on Corrosion g-

gresslveness of Mercaptans in VRD Fuels

2 COjPop, .O 3 CojopM ",,,,o 4
I OpltOuTattouoa0 MOPKa0mTaT to'ao" IoppO3US

CepIIIIIin, COPU 2 ItCXOAItWm COPA UO•CAO
- rpan. Touallse, ucauTaIa,6

O0-130 0,00t 5 V, .yTGomYc 0.5

OA 2,8

0.025 1 01
•.0o5 14.0

II :• O0-240 Mo.t 50•y7•ae" O

_., 0.001 5 O 0.~ 0.4

0.015 0,012 1.5
0.... -- 3,1

"1) Distillation rafge, degrees; 2) mer-
captan sulfur content in initial fuel, %;
3) mercaptan sulfur content 2after testing,
%; 4) copper corrosion, g/m ; 5) none.
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tained in the fuel can react in this period of time. Mercaptans vanish K

completely from these fuels when in contact with VB-24 bronze only af- ...

ter 150-200 hr. After this, the fuel is not able to corrode nonferrous.

:. metals. Consequently, the general regular course of the corrosion

.poceas in sulfurous fuels oan be expressed by the curve shown in Pig.

199.

The mercaptans present in TS-1 and T-2 fuels possess various de-

grees of corrosion aggressiveness. It is clear from the data of Table

163 that the corrosion aggressiveness of the 130-2400 fraction is con-

siderably less than that of the 60-130 fraction, for this same mer-

captan content.

0When the 200-300 fraction was studied, despite its high mercap-

tan sulfur content (0.137%), corrosion of VB-24 bronze at a tempera-

-'.- ture of 1200 did not occur. Consequently, as the distillation tempera-

ture of the mercaptans increases, their corrosion aggressiveness drops. _.

"* In this connection, the mercaptans of the gas-oil fractions can be

.. classified as neutral sulfur compounds.

The corrosion aggressiveness of VRD-fuel mercaptans depends not

only upon the distillation temperatures, but also upon the chemical
* .

structure. Ya.B. Chertkov, V.N. Zrelov, and V.M. Shchagin [16] have

"studied the corrosion aggressiveness of mercaptans in the aliphatic

* and aromatic series. The results of the studies, shown in Table 164,

indicate that the greatest corrosion ability is possessed by mercap-

tans of aliphatic structure, and the least by the aromatic mercaptans

in which the thiol radical is attached directly to the ring. The aro-

. matic mercaptan3, in which the thiol radical occurs in side chains

"occupies an Intermediate position.

As a consequence, the corrosion aggressiveness of fuels will de-

.*i pend upon the chemical structure of the mercaptans present in them. In
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straight-distilled fuels of the TS-l and T-2 types, the mercaptans

present are chiefly of aliphatic structure and possess high corrosion

aggressiveness, while the cracked fuels have mercaptans of aromatic

._. structure with thiol radical attached to the aromatic ring [9].

In fuels formed by blending straight-run and cracked distillates,

"= "mercaptans from both groups may be present. The corrosion aggressive-

ness of such a blended fuel will depend upon the relationship between

the aliphatic and aromatic mercaptans.

Ya.B. Chertkov, V.N. Zrelov, and R.D. Obolentsev [17] have

studied the effect upon corrosion of VB-24 and VB-24N bronzes at temp-
0°

"eratures of 120 and 150 of individual sulfur compounds (sulfi4es,

thiophanes, and thiophenes). Sulfur compounds that could occur in VRD

fuels were taken for the study. The results of the investigation

showed that the thiophanes, dibenzothiophenes, and the majority of

.* "' sulfides caused no noticeable bronze corrosion at 120 or 1500. Diben.-.

zyl sulfide and methyl benzyl sulfide form an exception. At tempera-

tures of 1500, these compounds cause corrosion of VB-24N bronze, and

form deposits on its surface. This fact indicates that at a tempera-
0U

ture of 1500 these compounds break down and form corrosively active

compounds. A similar ploure is observed when the corrosion activity

• .-. of type T-5 fuel with an increased sulfur content (1.42%) is studied.

- At a temperature of 1200, this fuel does not corrode bronze, while at

a temperatume of 150o, owing to the decomposition or certain sulfur

compounds, considerable corrosion does occur, accompanied by the for-

mation of copious corrosion deposits.

Corzrosion or VRD tuoel.appratus parts manufaotured from copper

alloys depends not only upon the presence of mercaptans In the ft'A.,

*. but also upon the composition of the fuel's content of oxygen, res-

incus, nitrogen, and other compounds. The removal or oxygen and rv.ou-
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TABUz 164t *

Corrosi~on Activity of' Mercaptans of' Various Chem-
ical, structures

2NOflIXOM~PSw Jpa so 'Wa II -. Uapuc pu

YaArCnNPR?- 0
Ona xopiaum-

BOB4

loitwnxp- CU,(CII,)SH 2. 8.2
Uanyau,

bz

j~ctw~ep CHI (CH1I. CII1SI 2.3 U.

Clio

4)tUUI~?4.242 5,0

Mum,-I

108.

AnaISh 19 ,



TABLE 164 (continued)

12 s it
Txo~eiton, 0,8 1

0,530 I

,.5.

13 51 Kl l
-" - -.~-Tuolna•'roj, )10,2* .:

02 0

"'.,/\.1

1) Mercaptans; 2) concentration in white spirit;
%; 3) formula; 14) corrosion, g/em2; 5) deposits
on bronze, 9/i2; 6) bronze surface; 7) white
spirit without mercaptans; 8) nonylmercaptan,
0.045; 9) decyJlmercaptan,, 0.045; 10) phenyl
et1mercaptan, 0.045; 11) benzynercaptan,
"0t05 me2 ) thiophenol, 0.530; 13 a-thionaphthol,
0.530; 14) dithioresorcin, 0. 530.

inous compounds from fuels with elevated mercaptan content leads to

an increase in the corrosion aggressiveness of that fuel. The oxygen

and resinous compounds contained in fuels produced by thermal cracking

have a good influence. The addition of these compounds to TS-t fuel

"con"aining 0.047% m5rcaptan sulfur sharply decreases its corrosion

wgreissvenets [161. In the absenne of oxygen and resinus compounds,

the surface of the bronze is coated with a gold film that protects the

bronze from corrosion and prevents the formation of corrosion depox.en

on Its surface.
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TABL~E 165
Effect of Additives (0.05% Concentration) on Cor-
rosion Aggressiveness of TS-1 and T-2 Fuels with
Increased Mercaptan Sulfur Content (0.05%)

11P M1411 O ?JOPO- TX~_ AH o WHJO~x-
3R, J ilin, 3111 JI UM, 2/

15 mucoAnoe ?onaniso . Ili1 5,4 J,5 I 2 4,2

8 AniijaT1140Ctnoe MOU03UUHMu

16 OM&A~eIlHljaw~u . 7,5 0,5 j 3,0 8.7 0,7' 2I
17 AHOXTraAequJaauuu. - : 0,5 5,2 7,2 0.5 9,8

9 AnniaaTarh'VeCKue All-' nt noJIII351IIUM

rf)CMTlelIMH 2J 2,7 10,1 1,0 3.2 .
.7,7 0,6 6,9 9,3 111 C,4

20 Toipa-aimieunutn~aounu 7.7 0,9 52,0 7,2 1,1 41,1

10 fleyBU41uuO apouaTUIROCUUS

-c ~21I
N- Lz~fl~ltIJIIB . . 8,1 0,2 I 22,6 I 7,5 I 0.6 I 17,3

22 a-iJ4u1at uau . . 7,2 I 0.5 2, 8 0 7 j 1.

11 DTopu41JUO apouaiuqec~ule

23 oauu

24 0.5 7.0 1 0,6 I 3,5
0. 1. 71 1.2 2.5

2512Tpe~auquue opouaiuvecelue 414311011

26 1 OAj , 0,? 1 U 1 0.7 1 o
2 v. . . O ., 7, 1 ,6 U0G A 0 .4

u 4 Trnteuua~uu 13

1%.29 
1 1lu&0lE

IMI INI

1) Addit-ives; 2) corros3ion, 9/V12 3) deposits.911'14) sediments, mglOm;55 corrosion, VM2
6) d~eposits', 9/M2 , 7) sedimena~ft, mtg/100 ml;8
aliphatic monoamines; 9) aliphatic di- and p0ly-
a-minles; 10) prim~Ary aromatio monoamines; 11) ecC-

*ondary arontatic rdno~iamines; 121 tertiary aromatic
aminvej 13) primuT' arom-ttle io~azmnea; r14 ) imida.
zolines; 15) initial r~ue!; 16) octadecyaviaune;
17) dioctadecy1an.1ne: 18) hex~iietlylene diminei;

* ~19) diethylene triamine; 20) tetraothylene pen-
1anio 21) n-haxylamine; 22) a~naplhtjy amnirup;

23) diphenr~1amine; 24) plien~yl-c- "phlthyl aminq';
[Key continued on next page]
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[Key to Table 165 continued): 25) dimethyl amine; 26) diethyl aniline;
27) a-phenylene diamine, 28) benzidine; 29) 2-alkyl (C9 -C) imidazo- "
line; 30) l,k-diimidazolyl butane; 31) TS-I.

The factor responsible for the corrosion-inhibiting effect of

oxygen and resinous compounds in cracked kerosenes is their content of

combined sulfur- and nitrogen-substituted heterocyclic compounds. In-

vestigation of similar compounds of the tetrazole and pyrazoline types -.

has shown that some of them such as l-phenyl-5-mercaptan tetrazole and

l-thiocarbamide-3,5,5-trimethyl pyrazoline are effective corrosion-in-

* hibiting additives which sharply reduce the corrosion aggressiveness

of fuels with elevated mercaptan contents.

In the presence of these compounds, a protective film is formed

on the bronze surface that protects the metal against corrosion. This

property is possessed by compounds containing nitrogen and sulfur si-

"multaneously: pyrazolines containing nitrogen alone, such as 4-amino-

1-phenyl pyrazoline are not corrosion inhibitors.

In addition to these compounds, investigations were made of or-

ganic nitrogen compounds in the group of nitrogenous oases belonging

to the aliphatic mono- and polyamines, the .romatic mono- and diamines,

as well as heterocyclic compounds of the imidazoline type [18], Inves-

tigation has shown (Table 165) that hexamethylena diamine, benzidine,

"and 2-alkyl (C9 -C,)-imidazoline are extremely eoI' ,ctivv cor,,osion in-

hibitors for W-1 and T-2 fuels with Incrcased mercaptai.-•sulfur con-

tents (0. 05%).

"It was established in the a4ud, of Unavy mLxtures or nitrogen-

containing compounds that the corrosion- it-lbiting effect of the com,- -

pounda mgtloned above is increased in the majority of cases in the

prse'nce of several nitrogenous bases, with the exception or phenyl-

.a-maphthylamlne which completely passiv Ates the corrosion-Inhlbitie --

effect of the compound.s.
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Corrosion of VRD fuel-unit parts depends not only upon the pre-

sence of corrosion-active sulfur compounds in the fuel, but also upon

the chemical composition of the alloys from which these parts are

made. A study of the corrosion of bronze having various chemical corn-

Spositions under the influenae of TS-i and T-2 fuels with increased "

mer~aptan contents made it possible to establish that an increase of

the amount of such components as aluminum, iron, and especially nickel

' or zinc contained in the bronze sharply increases its corrosion sta-

bility.

• "Consequently, in using fuels made from sulfurous petroleums, cor-

'• .:- rosion of parts made from nonferrous metals and their alloys in the VI .

fuel system can be prevented by removing the corrosion-active sulfur

compounds from the fuels, by employing corrosion-inhibiting additives,

.-, and by selecting an alloy chemical composition that will provide cot-"

rosion stability.

Corro-ion A*gressiveness of Fels Contairing Water

The electrochemical corrosion of VRD fuel-system elements is ob-

served when water gets into these units in the form of an individual

phase. Water gets into an engine fuel system owing to the fact that

Skerosene and wide-boiling fuel types tend to absorb molsture frm ,!x

the surrounding atmosphere. The more are-z tic hydrocarbons contained

in the fuel and the greater the humidity and temperature of the out- .

*. side air, the more water the fuel will absorb trrm the air.

IC an airceaft carting ruel stays on the ground Ior some time,

water vapor will penetrate the fuel tanks- thvugh the vents. With the

coming " ef ukght, and the drop in ambient teim rature, the water vapo",

* will cool and condenae en the fuel-tank walls in the forim o" water

dro'"- s'e r fa'•ot nn wintcir. bo•n ' th on fu ana~ li cn 1ý -. l"
Ily be observie4 in winter by opening the tank vent and Imoking In aff-
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. ter the air temperature has dropped. The ice crystals or water drops

that form drop into the fuel, partly dissolve in it, and partly are

"precipitated on fuel-tank sediment traps. The less fuel in the tanks

Sand the longer the airplane stays on the ground, the greater the amount

of water getting into the aircraft fuel.system.

When the engine is started, the water enters the ducts and is

carried along by the stream of fuel through the entire fuel system,

accumulating in the fuel elements and at bends in the ducts. This wa-

ter, after being enriched by corrosion-active sulfur, oxygen, and

other compounds from the fuel, rapidly corrodes fuel-unit parts made

from various grades of steel. Such corrosion frequently causes serious

disturbances in operation for even failure of the fuel units. Thus,

G. Shashkov [19] states that in aircraft operation it is frequently

"necessary to contend with engine malfunctions caused by the corrosive

action of moisture on fuel-system elements. The water, getting into

the fuel pump, corrodes pistons, sometimes causing them to seize aid

"bring the fuel pump to a halt. In this case, the inclined washer of

"the fuel pump may be liable to considerable damage. There is also fre-

quently corrosion of pist ns and rod of the fuel-pump servo-piston,

the race of the inner ring, and the pins in the combination fuel-pump

bearing, the working surrface of the governor valve, the inside surface

of the fuel.-pump sphere bearing, the side surface of the governor-valve

lever axle, the rod and eccentric ring of the barometric regulator,

the automatic fuel-distribution stop-valve sleeve, the mixer disk, the

mixer, the mixer socket, valve seat and gear axle for the throttle-

valve leveo, the low-throttle needle, eto.

"As a rule, It is primarily the rubbing parts of fuel apparatua

moving with intermittent or low speeds that are liable to corrosi•i..

Fuel-system element parts are made from various alloy steei-. '2.
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surfaces of these parts ar-.: ý;ubject to heat t1reatment and chemical

treatment (hardening, carburizing, nitriding, etc.) that result in the

formation of special protective layers on the part surfaces; they have

a substantial effect upon the corrosion stability of steel parts.

The corrosion of low-alloy steels in the presence of moisture is

* accompanied by the formation of quantities of finely dispersed brown

suspended matter, chiefly oxides of iron. This suspended matter easily

gets into the fuel, owing to its great density, and clogs filtering

elements and precision mating parts. In the latter case, these depos-

its may act as abrasives, increasing wear above permissible standards.

Viscosity Properties of VRD Fuels

One of the most important conditions for normal operation of a

VRD combustion chamber is the degree of fuel dispersion. The majority

% of modern VRD employ a whirlpool-type nozzle to disperse the fuel.

Such a nozzle has a swirl chamber in which the fuel is supplied -

through tangentially arranged apertures. As a result, the fuel eddies -i*.

in the chamber and arrives at the outlet aperture in the form of a

stream, within which there is a core of air. The fuel stream leaves

"the output aperture of the nozzle in the form of a hollow cone (Fig.

"L 200), with a vertex angle of about 900 (20]. In addition to structural .:I

peculiarities, the degree of dispersion is greatly affected by the sur- ....

face tension and viscosity of the fuel; the fuel viscosity is of the

greatest importance. The pumping of fuel from the fuel tanks to the

combustion chauber and the operation of the fuel-regulating apparatus

also depends upon the fuel viscosity. LI order to provide the required

degree of dispersion, the upper limit placed on fuel viscosity should

equal no more than 6-10 centistokes at a temperature of-400. .In order ;'.

... % to provide reliable pumpability in a VRD fuel system, the fuel vis-

cosiLy zhould not exceed 60 centistokes at a temperatux-e of -40. When ....
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these limits are exceeded, it is necessary to employ special, more-el-

ficient nozzles, more powerful pumps, or the fuel must be heated.

Study of fuel-viscosity variations

. as a function of temperature show that'-

modern VRD fuels up to kerosene grade in-

clusively have the necessary visscosity

values for any working temperatures down

to -40O (Fig. 201). At present, however,

a tendency is visible to use heavier gas-

oil type fuels for VRD. Such fuels do

not possess the required viscosity-tem-

perature characteristics. Thus, their
Fig. 200. Photograph show-
ing stream of fuel dis- viscosity at -40 is considerably greater
persed by whirlpool noz-
.zle. than 60 centistokes, which greatly com-

-plicates- their utilization.

-- J The basic types of hydrocarbons con-

tamned in VRD fuels possess nearly iden-

--- - - 2 tical viscosity at 200 [21, 22, 23:]. An

i'. exception is formed by the bicyclic hy-

"drocarbons whose vi~cosity, as a rule,

0 0 -t -0 - is greater than the viscosity of other
classes of hydrocarbons with the same

Fig. 201. VRD fuel viscos-
"ity as a function of tem. boiling point. As the boiling point in-
perature, 1) T-1 fuel; 2)
tpe, JP = I Danish fuel; creases, the viscosity of all nydrocar-

,v 3)type JP = 1 English
fuel; 4) TS-l fuel; 5) bon groups rises. Thus, where the boiling
TS-2 fuel; 6) tye JP =e
Swedish fuel; 7)fue via. point of the hydrocarbons rises from 100

"* cosiAty, centistolms; 8Y.i
fuel temperature, Oc - to 3000, the viscosity increases Prom

0.005 to 0.05 pO$1e3 As Fig. 202 shows, a aharp rise in viscosity is

observed for hyd corbons that boll at temperatures abo'e 2000,
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S. .. ........ .... . . J _ • .. .-- *. -"r,•' '- :• i .. a 'F '4 " "*I .*.* -•,': .. . . .• • - ' - ': " ' :- - •



405

o '0 1

2'0 - enpmp -uauo

Fig 02.Viscosity-temperature
curve for VRD-fuel hydrocarbons
in accordance'with their struc-
ture and 'boiling point. 0) Par-.
affins; x) naphthenes; 0) mono-
cr clic aromnatic hydrocarbons;
LTbicyclic aromatic hydrocar-

bons., 1) Viscosity at 200C
poises; 2) boiling point 6C.

Ya. B. Chertkov, K. I. Klimov, 'and V. N. 'Zre lo~v 22] have investi-

gated the viscosity properties at'low-temperature of hydrocarbons hav-

ing the same chemical composition, Isolated from 50-degree fractions

of T-1., TS-l, and T-2 fuels. The investigation showed that hydrocar-

bons boiling at up to 2000 have viscosities at a temperature of -..40OC

lower than 10 centistokes, which provide satisfactory fuel disper-sion

under working conditions. Hydrocarbons that boil above 2000 ha.ve' vis -

cosities greater than 10 centisvýokes..Combinations of' hydrocarbons
"'C *0

boiling up to 2000 and at 200-350w will produce a fuel having the re-

quired viscosity at -40 C.7

CARBON-FORNING CAPABILITY OF VRD FUELS

%under operating conditions in a jet engine., carbon deposits are

* .6 observed.

*When a VRD is operated with commercial T-1. TS-1, end T-2 fuels,

the amount of carbon that forms in the combustion chambers Is slight

7 and normally has no negative effect upon engine operation. At the pres-.

ent timec, however, the problem of carbon for.-ation in \IRD looms large
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Fig. 203. D)eposit of' car~bon in
TRD combustion chamber (air-
craft flying at altitude of 9
.km for 20 hr, wide-boiling type
fuel used.).

TABLE 166
Increa~se in-Carbon Deposited in TRD Combustion
Chamber Using T-l Fuel

2 ItO.111qOCTUo narapa (nt) aa- -

%J1 Mectaoviornteuu uarapon
20 Rae. I40 Riac. 6 a. 80 'Iac. I100 'iac.

K': ý* amponcym ax . ... . 01:0 02: 0300 1

a& )ICRPOaUX Tpy~ax . . . 0'8 1.5 .'s 4,0 6,3
H& $opcyuxax .. .. ...... 0,2 - 0,3 014 j 0,5 0,,8

1) Point of deposition of carbon; 2) amount of
carbon (g) after; 3) RD-45 engine; 14)t fire
tubes; 5) at nozzle; 6) VK-1 engine; 7) hours.

in c~onnection with the tendency toward errp~oying heavier gas-oil type

fuels in VRD. These fuels oontal-n a considerable quantity of b4- and

tricyclio aromatic hydrocarbons that have a greater tendency toward

oar~bon formation,

Soot-type and coke-type carbon deposits are encountered. Deposits
are formed on the fire-tube walls in the combustion chamber (Fig. 203),

V. on the nozzles (Fig. 204), and on the plugs. In Pngines using preJx.. '4.
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inary fuel vaporization, carbon is de-
posited on the vaporizer (Fig. 205) [2'4].

"The amount of carbon deposited in-

creases with the engine operating time,,

"-.-as Table 166 shows. The rate of carbon

formation on nozzles remains constant in

-.. time, while at the fire-tube walls, the
Fig. 204. Carbon deposits
on fuel nozzles of TRD carbon is first deposited at a constant
operating with T-1 fuel.

rate, and then after 50 hr-s of operation,

the rate of carbon deposition rises

..sharply.

When finely dispersed fuel is burned,

the carbon is deposited in zones near the.

.. nozzle. With rough dispersion, the car-

bon is deposited near the combustion-

4 chamber outlet, i.e., as the drop size

of the dispersed fuel increases, the

carbon-formation zone shifts toward the

combustion-chamber outlet.
Fig. 205. Formation of'

"carbon on vaporizer of The amount of carbon formed de-
TRD (aircraft flying at
altitude of 6 km for 6 hr,, creases for a more finely dispersed fuel.
gas-oil type fuel).

SspThus, a fuel containing 90% aromatic hy-

drocarbons produces 650 times more carbon when used with a nozzle hav-

ing a flow number of 1.65 (large drops) than with a nozzle having a

flow number of 0.9 (fine drops) (20].

.~A Carbon deposited on fuel nozzles Impairs -fuel dispersion, distorts

the flame front and structure, and also impairs fuel combustion.

"Distortion o~f flame structure and form in turn may cause the flame

to shift, leading to deposition of carbon on the fire-tube walls. As a

718 "
5~'4'* *St~. . . . .. . . . . . . . . . .

-%. S*. S ** * **. . . . . . . . .. *5*

* ~ .. . . . .. . . . . . . * * o. ** .



7 -7

Fig. 206. Diagram showing deposi-
tion of carbon in TRD combustion
chamber.

Fig. 207. Buckling and cracking of
VRD flame tube.

rule, as Fig. 206 shows, carbon is deposited in the inlet zone of the

primary-air chamber around holes designed for' this purpose [15]. The

carbon deposited in this zone is of the colm type, and it sometimes

reaches 3-4 cm in thickn~ess.

The appearance of local carbon deposits on the fire tubes creates

a large local temperature gradient on their walls, leading to the

formation of local stresses; this may cause buckling, and sometimes

eve- 1±2kM fth fr-tube wls(PIS. 207)

Noticeable buckling of fire tubes is also seen in tests of a fuel

_with high carbon-forming ability after a 30-hr flight (5].

While the chamber is in operation,, pieces of the carbon depos '.,
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may break loose from the walls and, passing into the gas turbine, can

block the turbine nozzles and erode the turbine blades.

The structure of the gas flow in the combustion chamber has a con-

siderable effect upon the carbon-forming ability of a fuel. If a spe-

cial air stream is directed along the fire-tube walls, there will be a

s'larp decrease in the amount-of carbon deposited upon the combustion-

chamber walls. This has been confirmed experimentally on a small-scale

TRD chamber; the results are shown below.

'I 2hO nl,,IOCTDO ,arapa (B a ) 3a

On ooa~cuua "arapa ,. _, .,.
,, • 25 ,,na. 50 ram . 75 rmu . 100 mum . t25 "maR. " '

4 riea nOTOKa DO3flYXa DAjOA1
CTIIK...............5 25 75 I10 1405CUTOROM D032Yha JiJ3nJIL

B .oz• ............ I 0 2 5 - 15 25

1) Carbon deposit-; 2) amount of carbon (g) af...
ter; 3) minutes; 4) no air flow along walls;
5) with air flow along walls,,

This measure is one of the most important steps that can be taken

to avoid carbon deposition on combustion-chamber walls.

The following factors affect the formation of carbon in fire tubes:

1) the ratio of the weights of air and fuel in the primary combus-

tion zone;

2) the dynamic pressure of the_ entering air;

"3) the degree of dispersion of the fuel;
4) the structure of the gas flow in the primary combustion zone;

5) the temperature of the fire-tube walls;

6) the chemical composition of the fuel.

The struoture of the oarbon makes it possible to form an opinion

as to the factors responsible for the carbon deposition. If the de..

posit has the structure of amnorphwus carbon which, as we know, forms at

low pressures and temperatures with an excess of oxygen, the factor

7-20-
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causing carbon to be deposited will be found in an imperfect cycle
and the engine design. Such a pattern was observed in the first models

of air-reaction engines. In modern TRD, carbon comes in the form of ,:.

pure graphite-type carbon. This indicates that the cause for formation

of the carbon is not poor organization of the combustion cycle but the
Ii .~ i.hI•

chemical composition of the fuel.

Evaluating the Carbon-Forming Ability of a Fuel

In order to evaluate the carbon-forming ability of fuels in a

full-sized engine, it is necessary to use considerable fuel and a large

*119

"Fig. 208. Diagram showing single-chamber in-
stallation for evaluating carbon-forming capa-
bility of VRD fuels. 1) Combustion chamber; 2)
force pump; 3) electric motor; 4) reducer; 5)
electric heater; 6) fuel tanks; 7) sample take-
off; 8) fuel pump; 9) magneto; 10) pressure
gauge; 11) differential manometer; 12) nozzle;
13) thermometer; 14) temperature regulator;
15) nozzle; 16) thermocouples; 17) spark plug;
18) filter; 19) throttle valve. I) Fuel; II)
air; II1) gases in atmosphere.

amount of time. Thus, there is a present tendency toward creating small

laboratory devioes and Installations that make it possible to evaluate

carbon-forming ability with a small quantity of fuel within a short

period of time. These installations sometimes resemble in their dimen-

sions the widely known single-cylinder installations used to determ.n.. ''

- 721 -
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the antiknock properties of gasoline; sometimes they take the form of

"small glass laboratory devices.

* '.Single-chamber installations for determining the carbon-forming

ability of fuels were developed by Ye.R. Tereshchenko (Fig. 208) [26]

and by Williams (27]. As a rule, a sirile-ohamber installation con-

sists of a small-scale combustion chamber, an air compressor, a system

for metering and supplying fuel, and accessories used to analyze the

exhaust gases. The carbon-forming ability of a fuel is evaluated either:

on the basis of an analysis of the exhaust gases and a determination

, of their carbon content, or on the basis of a quantitative measurement

of the carbon deposited on the flame-tube walls by weighing the cham-

ber before and after a specified test period.

Some of these installations make it possible to adjust and meas-

ure the primary and secondary air separately., and also permit regula-

tion of the flame-tube wall temperature. By changing the conditions

mentioned above, it is possible to investigate the effect of several

operating factors upon carbon formation, and the influence of the car-

"" bon-forming ability of the fuel on various operating regimes.

The fuel flow rate amounts to about 20-50 liter/hr for such in-

. stallations, and the test time to I hr.

- .Z Ya.B. Chertkov, V.N. Zrelov, and I.V. Kalechits (28] have devel-

oped a laboratory device and a method for determining the carbon-form-

ing ability of fuels.

The carbon-forming ability of a fuel is found by this method for

various combustion regimes characterized by the excess-air factor which

"ranges from 0.5 to 4.5. The carbon-forming ability is expressed in mil-

ligrams of carbon per milliliter of fuel.

I A oeries of determinations of fuel carbon-forming ability for

various excess-air coefficients should take no more than 30 mm. One

T 22-
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Fig. 209. Laboratory device for
determining the gum-forming
"ability of VIU fuels. 1) Cylin-

drical section of combustion
chamber; 2) nozzle section of
matic nozzle; 4) vessel with
fuel; 5) stand; 6) gas exit
hole.

determination should consume 1-3 ml of fuel.

The instrument, together with the method,, permits a rapid deter-

mination under laboratory conditions of fuel gum-forming capability,

* . using small amounts of fuel. This method estimates the total carbon-

forming ability of the fuel.

There exist instruments and methods for evaluating the partial

carbon-forming ability of a fuel according to the formation of carbon

* P. on the fire-tube walls (29]. Figure 209 shows a diagram for a. labora-

tory dovioe used to evaluate the .a.,bon..o.miti ability, developed by

, Ya.M. Paushkin and associates 130. The device consists of a straight-

t.1wough flow combustion chamber having cylindrical and conical nolUv

eions. When 2-3 g of fuel is burned, carbon is deposited in theare
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zle section of the combustion chamber. The amount of carbon is deter-

mined by weighing the nozzle section of the combustion chamber.

"A lamp that is also widely employed to determine the properties

of illuminating kerosenes [31] is used in the United States and England . -

for determining the carbon-forming ability of VRD fuels. The carbon-

forming ability of VRD fuels is determined on this device accoiding to

the so-callea smoke point. The smoke point is the maximum length of

I the flame at the instant smoke appears, and it is expressed in milli-

meters. The choice of the smoke point for characterizing the carbon-

. forming ability of VRD fuels is based upon the fact that there is a

*. relationship, discussed below [24] between the smoke point and the de-

position of carbon in a VRD combustion chamber.

""12 18 26 30

21tomucts~o Uaranae a.. 7-5 0 U 1A L6 0iI.10-4.

1) Smoke point, mm; 2) quantity of carbon, g.

* . The smoke point is used to evaluate the carbon-formlng abilities

of kerosene-type fuels.

The smoke point is presently given in the specification for JP-5

fuel. It should be less than 20 mm in value.

The volatility is important in evaluating the carbon-forming abil.

ity of wide-boiling fuels. Thus the carbon-forming ability of these

fuels is determined in accordance with the carbon-formation index,

which connects the smoke point and the fuel volatility characteristic.

., The carbon-formation index equals the smoke point plus 0. 42% of the

• distillate up to 9040. Tests have shown that thre Is a relationship

* "between the carbon-formation index and the amount of carbon in an en-

gine, as we can see from the figures given below.

- 724 -
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lIfnjwxe huarnpooapa~onaunhl. I3 17 25~ 42 45 U
4.9.. I' _ I 4 3,2 1 1,9 0.5

1) Carbon-formation index; 2) quantity of car-
bon, g.

The carbon-formation index, as in the case of the smoke point, is

included in the specification for JP-5 jet fuels; it has recently been

established, however, that the smoke point is a more objective measure

of the carbon-forming ability of such fuels (31]. The magnitude of the

carbon-formation index for JP-5 fuel should be at least 54.

It follows from the data given that the methods most commonly used

*-' abroad to fid the carbon-forming ability of commercial VRD fuels under

laboratory conditions are based upon a determination of the smoke point

in the lamp mentioned above.

Erfect of Fuel Quality on Carbon Formation

The basic characteristic that has a considerable influence on the

carbon-forming capability of a fuel is the group chemical composition.

In order to determine the carbon-forming capability of the hydrocar-

bons comprising TRD fuels, Baku T-1 fuel was separated by chromatog-

raphy on silica gel into methane-naphthene, monocyclic aromatic, and

* -. yli.. Uyclc aromatic hyudrocarbons. Their cawbon-forming ability was stud-

ied (Fig. 210).

The hydrocarbons can be arranged in the follc;-ing order with re-

"spect to their carbon-forming ability: paraffina-r naphthene monocy-.

clic ax'matic-. bicyclic aromatic hydrocarbons.

In addition to chemical composition, volatility has a great influ-

oncec upon the oarbon.-tomin ability. Hydrooaboz. and fuels that dif..

f ". f in volatility and chemical composition may be arranged as shown in

.. g. 211 in accordance with their carbon-forming ability.

,l~ere the oblique lines mark of f te specimens of the pararin,
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raaphthene, and aromatic series. The slope

or these curves shows that within series$

the carbon-forming ability rises with de-.

creasing volatility of the fuel. The arodo

t4matio hydrooarboxam with side paaaffin
0.5 too 1.5Ot Z

a chains ar'e characterized by lower carbon-. ~:

Fig. 210. Carbon-forming forming capability than hydrocarbons
ability of hydrocarbons
in Bak T-1 fuel. 1) Bi- without side chains. Thus, toluene,, cu-
cyclic aromatic hydrocar-
bons; 2) monocyclic aro- mene., and amylbenzene are arranged within
matic hydrocarbons; 3)
methane-naphthene hydro- the diagram so as to qualitatively re.-
carbons; 4) carbon-form-
ing ability, WnJm1; 5) flect their structure and volatility.
ex~cess-air factori

-- 4 .3

10
15i

as a function of chemical compo-
sition and volatility. 1) Gaso..
1 inc-typ fuel; 2) kerosene-type 7
fuel i gas.-oil type fuel; 4)

1'exne ;51 eptane; 6) octane;

toluene; 10) 4cne 11) de-caline;
121 aThonene; 13) teta'alirie,

-. ~boni x; 1.6) t;Yclop*nao 1?)

The cartL'-orC iltn ability of a fuel intreases alao as ttw end-

tp*int toprtr goo-a up and kis the fuel density ri"Is (323.%

Tito law of carbon-,ormin% ablilty for vaiu casss or hydro.

c azbons astabliahed under laboratoi7 con~ditions w~ere vor±ifed b~y a so.~



TABLE 167
Carbon-Forming Ability of Fuels of Various
Chemical Compositions in a Full-Sized Engine

2oXivao icHatfl coc'ram n,p% E.. 1ypoo6pa-
1TorrMUnO 3apoma=-r 1411a ' ýrOItO- Iap~t14)fU- nyo ,

CHHOO CDluCOetOCTh,

- ApoaTqIiclwoe . . . 75,2 11,4 13.4 700
0 I reInoOe ...... .. . ... 1,4 51,9 46,7 70
- " lhapal ouoe..............2,6 5,2 92,2 10

-a",1 aPTp oe ........ . 9,4 39,2 41,4 t00

1) Fuel; 2) chemical composition, %; 3) aro-
matic; 4) naphthene; 5) paraffin; 6) carbon-
forming ability %; 7) aromatic; 8) naplithene;
9) paraffin; 105 standard.

ries of tests on a full-sized engine, using fuels differing sharply in

chemical composition [33, 34]. The carbon-forming capability of the

aromatic, naphthene, and paraffin fuels was compared with that for a

0- standard fuel used in turbojet engines. The results of these tests

(Table 167) indicate that the relationship between carbon-forming abil-

ity for a fuel and its chemical composition, established under labora-

tory conditions, is completely confirmed for the engine.

The flight cests also confirmed the high carbon-forming capability

of the aromatic hydrocarbons; it was noted, however, that the bicyclic

aromatic hydrocarbons had the basic influence on carbon-forming abil-

ity. Thus, in flight tests of a fuel containing a small amount of aro-

matic hydrocarbons with the major proportion formed by bicyclic aro-

matic hydrocarbons it was established that within only 4-7 hours of

flight, the fuel nozzles and plugs were covered by so much carbon that

in the case of a flameout, the combustion process could not have been

reestablished; this would have inevitably led to an accident. In an-

ot1or test of thin ru after' a 3O.4 flights the amount of oarbon

"-ial increased considerably even on the flame-tube walls (5].

Zn some combustion chambers, the carbon forming when bicyclic aro-

.' maulc hydrocarbons are burned does not remain on the flame tubes, tc.
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zles, and plugs. In this case, the carbon is carried out of the combus-

tion chamber by the gas stream. In the meanwhile, cracking, buckling,

"and burnout of the flame tubes continues to occur. This is due to the

fact that flame brightness increases sharply owing to the presence of

fine carbon particles that are responsible for the radiation of an ex-

cessive flow of heat to the fire-tube walls; this increases their tem-

perature.

"The investigations of Droegemueller and Nelson [31] have shown

that in order to eliminate this phenomenon in VRD fuels, no more than

3% of bicyclic aromatic hydrocarbons should be present.

Both fIuel quality and engine operating conditions affect the car-

bon-forming ability of VRD fuels. Of the operating conditions, the

most important are the temperature and pressure of the air supplied,

the excess-air coefficient, and the distribution of air between the

U primary and secondary combustion zones.

The carbon-forming ability of VRD fuels having a high aromatic

hydrocarbon and sulfur compound content can be decreased by using 0.1-

5.0% peroxide and nitrate additives (35, 36]. Thus, if 2% cumene hydro-.

peroxide is added to a fuel containing 99% aromatic hydrocarbons, car-

bon formation is more than halved. Ua.M. Paushkin and associates (30]

have also shown that the carbon-forming ability of fuels with high con-.

tents of aromatic hydrocarbons may be decreased considerably by adding

carbon-inhibiting additives.

With the aim of reducing V1fD-fuel carbon -forming ability, Sacks

and Ziebell (37] studied several halogen-derivalive hydrocarbons as ad-

ditiveu: cambon tetrachlorido, n-propylchloride, n-propylbromide, n-

butyllodate, etc. The investigation established that the halogen-deri-

vative hydrocarbons did not depress the carbon-forming ability in con-

centrations of 1%, while in concentrations of 10%, several of them fa-
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cilitated the formation of :carbon. -. .

High-Temperature Gas Corrosion

".-The corrosion of combustion-chamber walls, nozzles, and gas-tur- .

¶ bine parts has been studied for fuels with various sulfur contents

(from 0.2 to 1.5%). Nickel is the basic component contained in the

heat-resistant alloys and steels from which the combustion chamber,

gas turbine, and jet nozzle are made. Up to 80.0% nickel is contained

"in such alloys [6].

When all of the sulfur compounds in a fuel are burned, sulfur di-

oxide is formed. Under high-temperature conditions (above 10000),

nickel sulfide may form; this leads to the formation of a nickel-nickel

sulfide eutectic. The melting point of this eutectic is roughly 6500,

and this may cause rapid destruction of appropriate parts.

In modern VRD, however, the temperatures of the walls and parts

of the combustion chamber, reaction nozzle, and gas turbine are low,

and with a uniform flame do not exceed 800-9000.

Bench tests of German VRD have shown [39], that under such condi-

tions when a fuel containing up to 1.5% sulfur is used, gas corrosion

of elements in the gas-air system of ,the engine is not observed.

Metals contained in the fuels as ash can affect corrosion of VRD

fire-tube walls, in addition to sulfur compounds. Actually, VRD fuels

contain little ash, no more than 0.005%; the metals entering into the

ash, however, acting as catalysts, facilitate the development of cor-

.osion processes. Cases of fire-tube corrosion have been noted for cer-

tain grades of TS-l fuel. T-I fuel does not cause corrosion of VRD

fire tuben,

The most active metals facilitating the development of corrosion

,. ouesses in combustion chambers are vanadium and sodium. Ya.B. Chei.' -.
.kov, V.N. Zrelov, and NI Jarinehenko (-40 have carried out a spvw.
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K . TABLE 168

Composition of VRD Fuel Ash Residue (%)

2-TO-I c 0,045% 4 TG-I CTa'1APrnjoo'
CoCTOD 30AN 1T= 16

-no ..CUar.oe . .•.fl Cop[ 5 o6paaet• 6 i o6pamgI 2 ----_

- .3.

CUWO45,5 10 01,0
"F l--20 2-6 30,0 10,0

Y.n 3-10 3-10 20-30 1-3
,b 1-3 1,0 0,4-1,0 0,4-1,0

1,0' 0,1-0,3 0,1-0,3 t-2
A 1t-3 11,0 0,3 1,0
Na 1-3 1,0 0,4-1,0 H1,0
"" .Cd 1-3 - 1-3 10,0
Si 10,0 1-3 3-6 3-10
Ca 1,0 7 Cnojb,. 0,3 1,0
Sn 1-3 0,4 0,3-1,0 I.

"" 1) Ash composition; 2) T-1, standard; 3) TS-1
with 0.045% mercaptan sulfur; 4) TS-l, stand--
ard; 5) specimen 1; 6) specimen 2; 7) traces.

investigation of the ash residues formed by TS-1 fuel. The results of

this investigation are given in Table 168. It is clear from the data

shown that the composition of ashes produced by T-1 and TS-1 fuels is

exceptionally varied. Among the metals present in the greatest quanti-

ties are copper, iron, zinc, cadmium, and tin; these substances are

normally not considered corrosive. These metals get into the fuel

while it is being produced, transported, and pumped. The fuel is con-

siderably enriched with metals while it is-beihg pumped through the

aircraft and engine fuel systems, which have parts made from nonfer-

rous alloys.

Among the metals contained in T-1 and TS-l fuels sodium is ex-

tremely corrosive. It enters the fuel at the refinery, where a solu.-

tion of sodium hydroxide is used in alkali refining. Sodium salts of

petroleum acids are removed from the fuel following alkali refining by

scrubbing with water. If scrubbing is not carried out with sufficient

car'e, the fuel will contain an increased amount of sodium in the form

of salts of petroleom acids (see Table 168, fuel TS-I*, specimen 2,

"whose ash contains 11.0% sodium).
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The ar'tificial addition of sodium naphthenates to a fuel causes

-increased combustion-chamber--corrosicn in gas turbines. Leoynd and Pro-

bert (41] showed that sodium pyrosulfi-te, vanadium pentoxide, and '..

sodium vanadate cause vigorous gas corrosion developing specially in-

"tensively at high temperatures. An investigation of fuel containing

0.2% sulfur with added sodium chloride led to considerable corrosion;

* the corrosive deposits contained 95% sodium sulfate [42].

At present it is considered that vanadium and molybdenum can also

affect corrosion of combustion-chamber walls; these metals are not

found in T-1 and TS-1 fuels, however.

OXI.DIZABILITY OF VRD FUELS UNDER STORAGE CONDITIONS

The oxidizability of VRD fuels under storage conditions depends

basically upon the chemical composition of the fuel, as well as upon

the method by which it is produced, refined, and upon the storage con-

ditions themselves. An investigation of kerosene-type fuel oxidation

under ambient-temperature conditions established that T-1 and TS-l

"fuels obtained by straight distillation oxidized under these condi-

tions with great difficulty, and the oxidation products accumulated

very slowly in them. For kmrosenes obtained by thermal cracking, the

oxidation products accumulated rapidly. These kerosenes are relatively

"instable (441]

The stability of T-1, TB-I, and T-2 fuels depends upon thte amount

of unstable hydrocarbons present in them. Low-stability hydrocarbons

in these fuels are monocyclic aromatic hydocrbons with an wisaturated

side chain (145]

, .Under storage oond±tlof, th&s* hydrocarbons do not oxidies at

"tho double bond, with th1is bond breaking, as had been supposed p•vi..

oualy, but at the C-H bond located in the 0-positlon to the double

bond, with the formation of hydroperoxides [46].
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TABLE 169
L.�. - . - - -

Composition of Oxidation Products
Formed upon Storage in Tuymazy
Cracked Kerosene

flpo�yKru OKUC.¶OflUR 12 CoRcpmrnwe,
___________________ I ________

� .� C NApt�OWftRbNOA �pynnoA 238
� 3t�iupu 19,8
v z�ucaona........................5,8

1) Oxidation product; 2) content,
%; 3) alcohol; 4) compounds with
carbonyl radical; 5) esters; 6)
acids.

rA
70 1

I2 A

� 10 - - ______

* C.,

�1 ,�, 40

�3c - - - - - -V

20
C KU -

p..

1
* V. I
* ..O 4 3 1? fS � 6 � 5  ua &

Fig. 212. Variation in Fig. 213. Variation in o�..
oygen..�compound content gem compound content dur..

* ii during storage ol' sul- ing storage 01" VRD fuels.
fu1�o�5 £uoht containin� I) Baku TA; II) Groznyy
cracked co�ipon�nts. 1) T�-l; III) TS.-l. i) Oxygen-

I Alcohol; 2) compounds containing compounds, % x} with rbor�rl radical; x lOg; 2) acids; 3) corn-
3) ost-er�; '�) � 5) pounds with ca.�'bon.yl rad-

_ o�itaining � ical; 4) alcohol; 5) es-
pounds, % x 102; 6) ters; 6) length of storage*
length oC otora�e, rno�. months.

- At normal ambiont temperature, the decomposition of hydroperoxides

i.� a�ccompani�d by the formation of a complex mixture of ocuibustiori
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products, Among the combustion products, as Table 169 shows, alcohols

are the most important (49.7%).

In certain cracked fuels, the alcohol content of the combustion

products reaches 70%. The total amount of acids and compounds with a

carbonyl group does not exceed 29.5%.

Observation of the accumulation of individual oxygen-compound

groups in VRD fuels obtained by straight distillation and by thermal

cracking has shown that the chief direction of the oxidation process

during storage is the formation of alcohol (Fig. 212) [41.. The forma-

tion of acids and compounds with carbonyl groups is subsidiary in na-

ture.

During fuel storage, the primary oxidation products forming as

the result of hydroperoxide decomposition are liable to further trans-

formation leading to the formation of resinous substances.

Thus, in the oxidation of Tuymazy cracked kerosene after six

S . months of storage, the rate at which alcohol accumulates decreases.

This is not due to any cessation in alcohol formation,, but to the fact
that the alcohols forming are rapidly converted to other substances.

In order to solve the problem of the conversions of alcohols as

the chief oxidation-process products, a study was made of neutral res-

inous substances isolated from fuel-oxidation products and forming 95-

- .97% of all resinous substances. The structure of the neutral resinous

* substances included two benzene rings, one hydroxyl radical, one un-

satuiated bond, two oxygen atoms; their molecular weight was twice as

great as the mean molecular weight of the alcohols previously studied

.[7]. We may consequently asume that the neutral resinous substances

..'v products of oxidative polymerization of alcohols. This is the chief

M!:mner in which resinous substances are formed in VRD fuels under 0tor.

at•e -onditions.
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In T-1 and TS-1 straight-run fuels (Fig. 213) there is also a
drop in the number of compounds with a carbonyl radical during storage.

Compounds with a carbonyl radical, basically ketones, are subject to

condensation accompanied by a drop in the amount of compounds with the

carbonyl group; this leads to a sharp rise in the molecular weight and

"* specific gravity of the oxidation products.

J.a = ' 3., ,•f • ""

5 aO 45 to t.5 2.0 2.5
6flpAA...OW iNOCI,.b O'UCNMU, ,aCb"

Fig. 214. Effect of hydroxy
acids, acids, and neutral res-
ins on the oxidizability of a
sulfurous fuel with cracked
components. 1) 297 mg/!O0 ml
neutral gums; 2) 88 mg/!O0 ml
neutral gums; 3) 6.6 mg/100
ml hydroxy acids; 4-) initial
fuel; 5) existent gum, mg/lO0
"ml; 6) duration of oxidation,

S* : hours; 7) acidity, mg KON/IOO
ml. - Existent gum; --- acid-

, - ity.

Duhring storage, acids react with alcohols to form eaters having a

molecular weight twice as great as the molecular weight of the initial

compounds. The esters formed are resinous in character and contain a

single ester group and about 2 oxygen atoms.

- At the same time, these acids are liable to further oxidation re-

sulting in the formation of hydroxy acids which are dark viscous gummy

substances. A study of the nature of the hydroxy acids has chown that

they contain about 3 oxygen atoms and their molecular weight is greater

than the molecular weight of the initial fuel hydrocarbons.
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404
(255

4 75- 10155 7

7 flPebmAUrnenti'Oefnli OKUm(WHUPx.MU

Fig. 216. Effect of VB-24
-- - - -bronze on fuel oxidiza-

bility. 1) Initial fuel;
- -- -2) in presence of75 cm2

5 00000 J f freshl~ polished
0...bronze; 3T the same, 10
6Q~do~umee~o"~w'w.e..cm2; 4) in presence of 5

Fig. 215. Effect of cm2 oxidized bronze; 5)
phenyl compounds on oxi- h ae doubly oxidized
dizability of Baku fuel bronze; 6) quantity of
with cracked components. oxygen absorbed, ml; 7)
Phenyl compounds added duration of oxidation,

(%:1) 0.065; 2) 0.035; min.
3) 0.0o16; 4) initial
fuel. 5) Amount of oxy.
~en absorbed., mm water; On the basis of what we have

6)duration of oxidation,
min. said, the mechanism of seif-oxida..

tion of low stability hydrocarbons in VRD fuels during storage can be

represented as follows:

Cooo~ c .tvascu- -. faxppaspe""a - -TM IOT&M

1) Moriocyclic aromatic h~ydrocarbons with uin-
saturated side chain; 2) hydrorieroxides; 3)
ketones; 41) alcohols; 5) acids; 6) hydroxy
acids; 7) esters; 8) neutral Sums; 9) acidl
suM.

Oxidation products present In the fuel have a gireat efrfect upon

Naul stability under storage conditions. F~or T-1,, TS-l, and T-2 ruelc',

* ruauval of oxidation products leads to Increased stability under sto
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age conditions while for fuels with cracked components, on the other

hand, there is a sharp drop in stability [48]. The presence of oxida-

"tion products in fuels affects storage stability in different ways.

Figure 214 graphically illustrates the effect of hydroxy acids and

acid and neutral gums on the oxidizability of fuels with oracked com.-

ponents. When hydroxy acids and acid-type gums are added to a fuel,

the fuel oxidizes rapidly with an increase in the existent gum and

-: acidity. Neutral gums have no noticeable effect upon fuel acidity.

Phenyl compounds have the same effect upon fuel acidity, as we can see

from Fig. 215. Upon addition of phenyl compounds, the fuel oxidation

curves by the PK method differ little from each other (47].

Fig. 217. Effect of elementary sul-
fur on fuel oxidzability. Concentra-
tion of elementary sulfur (:z1)
0.001; 2) 0.003; 3, 0.005; 40.08.
5) Amount of oxygen absorbed, ml; 6)
duration of oxidation, min.

In addition to oxidation products, metals in contact with a fuel

have a considerable effect upon fuel stability under -storage condi-

tions, Copper Wid its alloys, with which a fuel may come into contact

while it is boing use~d,, have the greatest effect upon fuel stability.

It is sufficient to state that the amount of copper may reach 20-25%

in the ash iesidue for T-1 and TS-l fuels.

In addition., certain fuels of the wide-boiling type such as the
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.* American JP-3 and JP-4 fuels have the active sulfur compounds removed

by copper salts. After such purification, copper salts remain in the

"fuel in negligible quantities (0.3-0.7 mg/liter); they sharply impair

stability under storage conditions.

Figure 216. shows graphically the effect of VB-24 bronze on the

oxidizability of a fuel according to the PK method (13]. It follows

from the data given that VB-24 bronze sharply decreases the induction

period of a fuel and increases the oxidation rate ai'ter the end of the

induction period. It turns out, however, that only bronze with a clean

surface has this effect. If an oxide film forms on the surface of the

bronze, the catalytic activity of the bronze is almost eliminated. A

clean copper surface has a similar effect.

In order to prevent catalytic action of metals on VRD) fuels (JP-4,

DERD-2486, Air 3407, and NATO-F-42) 5.6 mg/liter of the metal deac.o

tivator N,N'-disalicylidene-l,2-propane diamine is used abroad as an

additive [49, 50, 511.

Sulfur compounds have a great effect upon the stability of VRD

fuels obtained from sulfurous petroleums. The effect of elementary sul-

fur on fuel oxidizability In the presence of VB-24 bronze is shown in

. Fig. 217. As the elementary sulfur concentration rises, the induction

* . period drops considerably. This results from the fact that elementary

sulfur plays the role of an oxidation inhibitor, and also decreases

the catalytic effect of the bronze, forminZ a low-activity sulfide film

on its surface.

"A study of the erfect of other sulfur copounds on VRD fuel sta-

"bility has shown that mwcaptan, sUlfidos, thiophanes, and thiophenes

" ,.-crease the fuel induction period [117).

Oxidation-Inhibiting additives are used to obtain VRD fuels thaL

.a table under storage conditions (see Chapter 14).
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Chapter 22

THERMAL STABILITY OF JET FUELS

The fuels used in large quantities for VRD are ligroin-kerosene
<I,

fractions and, to some extent, gas-oil fractions obtained by direct

distillation of petroleums. Fuels containing components obtained by

secondary methods of petroleum refining have been tested as standby
fuels. The (Soviet] T-4 fuel, for example, consists of direct-distilla-

tion and thermal-cracking components; the American JP-4 fuel may con-

tain cracking products.

A new quality specification set forth for VRD fuels is high

"thermal stability, i.e., the ability to retain the necessary opera-

tional properties under elevated-temperature conditions. The appear-

ance of this index in the specifications for VRD fuels stemmed from the

creation of supersonic airc;-aft.

At flight speeds exceeding the speed of sound, aircraft are sub-

:-.- jected to considerable aerodynamic heating. Calculations indicate that

in flight at a speed M 2 to 3* for several hours, the aircraft's

skin temperature may reach and exceed 200-2500 (1], an effect that

causes heating of the fuel in the tanks. Moreover, the fuel is used

as a coolant for the oil radiators and various other elements of the

aircraft in most supersonic and subsonic models, and this gives rise

" -" to further heating of come of the fuel.

It has been found that under the influence of high temperatures

(ubove 1.00 0 ), deposits begin to form in the presence of oxygen in

dir•ct-distilled fuels that are regarded as chemically stable, .o]ll..,,

•- -- 738



ing fuel-filter elements and small clearances between rubbing pairs.

This interferes with the performance of the flow-regulating'

apparatus, reduces the fuel supply to the engine, and ultimately inter-

feres with normal operation of the engine.

At the present time, the term "thermal stability" o± fuels also

implies their resistance to the formation of scale at elevated tem-

perature.

METHODS OF INVESTIGATING AND MONITORING THERMAL STABILITY OF FUELS

The laboratory methods that have recently been developed for

Sevaluating the thermal stability of fuels may be subdivided into two

basic groups: a) static and b) dynamic methods.

. In the static methods, a definite

volume of fuel is oxidized at elevated

... . temperature and its thermal stability

, evaluated by the quantity of scale

1 t0 9 formed.

- In the dynamic methods, the fuel,

which has been heated to a specified
temperature, is continuously pumped

Fig. 218. Diagram of stand- through a filter and its thermal
"ard apparatus (CFR) for de-
termining thermal stability stability evaluated by the test time

Sof fuels (5]. 1) Fuel.; 2)
pump; 3) flowmeter; 4) pre- elapsing before the filter is complete-
heater; 5) filter holder;
6) thermocouple for measure- ly clogged by the deposit.
ment of fuel temperature;
7) thermocouple for measure- Of the static methods, the bomb-

. ment of filter temperature;
* 8) filter; 9) radiator; 10) oxidation method [3, 4, 6, 7] and the
• "pressure gauge; 11) drain-

age. LSA-apparatus mel hod (8, 9, 11, 32]

have come into most widespread use. In bomb oxidation [7], 100 ml of

.* the fuel in a glass beaker is placed in the steel bomb used for de-

termining gasoline induction periods and oxidized at an air pressure
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of 3 atmospheres for 4 hour•.at a temperature of 1500. In the LSA

instrument (Chapter 3), 50 ml of fuel are oxidized in hermetically

sealed glass flasks f'or 1 hour at a temperature of 1500; an electro-

lytic-copper plate serves as a catalyst (GOST 9146-59).

After oxidation in the bomb or in the LSA device, the fuel is

filtered through a "white ribbon" paper filter and the quantity of.

deposit that has formed in it is determined.

The dynamic methods of evaluating the thermal stability of fuels

have also been formulated in various versions [3, 4, 5, 10, 12). In
Sthe USA, a dynamic method (CFR method) is standard. The thermal sta-

bility is determined in a CFR coker (Fig. 218), which was originally

-"-own as the "Erdco coker" (4, 12, 131.

In the CFR coker, the fuel is heated to a temperature of 150-230°

in an electrically-heated aluminum tube and passed through a 20-.-_

* - mesh filter made of fused stainless-steel powder. A paper filter ele-

ment or an element of some other material may also be used in the CFR

cokeo•. The filter is provided with electric heating to permit further

heating of the fuel to 205-260o The fuel is fed at a constant rate

of' 2.7 kg/hour at an initial pressure of 10.5 atmospheres. The test

time is 300 minutes; about 15 liters of fuel are required for the

test. For experimental fuels, a variant of the method that uses cir-
culation and requires only 600 ml of fuel is employed.

The thermal stability of the fuel is expressed in terms of the

pressure drop across the filter after a 300-minute test (Table 170),

or, if the filter is plugged earlier, the test time until the maximum

attainable pressure-drop value (470 mm hg) 1s attained.

The other dynamic methods are similar to the CFR method; they

dli''er as regards the physical design of the apparatus and the teot

t chnique.

-740-
¾, -

*4% ,



In the [Soviet] LTS apparatus [10, 16] (Fig. 219), fuels are test-

ed for thermal stability at several temperatures.

The data obtained on the LTS apparatus and the LSA instrument

(Table 171) indicate that both the static and dynamic methods enable

"us to distinguish between fuels on the basis of their thermal eta-

"bility, as well as to evaluate the influence of purification of the

fuels and addition of additives.

The laboratory methods of determining the thermal stability of

fuels enable us to form correct estimates of their behavior under real

conditions. For example, a fuel having a CFR thermal stability of

25 minutes (a "25-minute fuel") caused clogging of the fuel system

after 2-4 hours under analogous conditions in a real installation,

while a "100-minute fuel" produced the same effect after 7-11 hours

[29].

TABLE 170

Thermal-Stability Specifications for American
Hydrocarbon Fuels [14]

211.1pla yo,,anna
~_ iI ox =, a J epcoex -

~jP.. _P6 I Tuonala

' I Jp-x

4 o1o01A UcuuMaUni............... 3nouPo- 50A. oIpo- - 6S3 pI-
xoAfU, uoeXOAU0 naflue-

TesnepaTypa ncIUnaMUD, *C .... 149/204 204/2W0 2/32/20P1'aKC%1k1,abUO Aonyc'rTuM14 nOP0110A Al-
o&iH Da 1•a1lTpo at 00 n Mu.,2

p c ........ .. . 304 2" 25

-IT number before the slash indicates the fuel
temperature in the preheater, while the following
number indicates the fuel temperature at the
filter.

"1) Index; 2),fuel type; 3) JP-X prototype fuel',
4) test method; 5) single-pass; 6) with circulL&.-
tion; 7) test temperature, C*; 8 maximum admis-

-, sible pressure drop across filter after 300
"minutes, mm Hg.
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Fig. 219. Diagram of LTS apparatus
for determining thermal stability of
fuels under dynamic conditions [10].
1) Radiator; 2) pressure valve; 3)
filter in holder; 4) manometer damper;
5) differential mercury manometer;

spring manometer; 7) thermometer
for measuring pure temperature; 8)
"heating coil; 9) rotameter; 10) first
filter; 11) reduction valve; 12) re-
lease valve; 13) gear pump; 14) elec-
tric motor; 15) thermostating heater
air jacket; 16) fuel tanks; 17) ther-
mometer for measuring air temperature;
18) contact thermometer.

TABLE 171
Results of Determination of Fuel
Thermal Stability in L9A and LST
Apparatus [9] (t 150 )r tHoanqemcto 3n 6 -..O C O" I J U , ".U"H U - ,,I OM n a a -R1 06paallTu ONllca elilt u ,

l~pl~t3OpO ICA,' A,"YCTlUOS•2U
_____ _____ M#/tOO 04

: • !24,8 245
A 2 188 230
A4 3 M3,8 240

4 42,2 130
4m 4.0o1umO R 88 WU>.300

A4+,0%* 0994SA& 764 >30D

1) Fuel specimen; 2) quantity of de-
posit on oxidation in LSA instrument,
mg/100 ml; 3) time to plugging of LST
"filter, minutes; 4) No. 4, cleaned by
adsorbent; 5) No.L• + 0.05% of additive A.
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On the basis of numerous tests, a thermal-stability index of

300 minutes has been established in the USA for fuels tested by the

CFR method.

INFLUENCE OF TEMPERATURE ON DEPOSIT FORMATION IN FUELS AND THEIR
"THERMAL STABILITY

At storage temperatures, deposits form in VRD fuels at a very

low rate [15].* At temperatures above 100-110 , the rate of formation -

of the deposits in commercial fuels increases sharply; for deposits

"to begin to form in a fuel, it is only necessary that the fuel be held

for a short time (a few minutes) at elevated temperature.

"investigations carried out by both static [7] and dynamic

methods [3, 16] have shown that while scaling is aggravated by ele-

vated temperature for some fuels, most commercial fuels have a most

0"dangerous" temperature zone at about 120-190°. Within this zone, the

rate of deposit formation and the rate or filter clogging by the

deposits are at their maximum (Figs. 220 and 221). At higher tempera-

tures (200-2200), the fuels filter without clogging the filters Just

as they do at lower temperatures (below 100-110°). The temperature

zones of sedimentation are different for different types oft fuels
S(Table 172), T-l fuel beg.insto clog the filter at a lower temperature,

while T-5 fuel and most specimens of TS-l fuel begin this at higher

temperatures. The temperature of fastest sedimentation for T-1 fuel

* . is below that for many specimens of TS-l and T-5 fuels. The thermal

stability of the high-sulfur TS-1 fuel is heavily dependent on its

origin; many specimens of fresh (recently refined) fuel of this grade

"do not plug Lhe filters with deposits at all.

Fuel T-2 - a direct-distilled fuel of expanded fractional compo-

sition that contains gasoline fractions - filters without clogging

the filters in the -emperature range from 150-200 . Cracking kerosene
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Fig. 220. Thermal stability of VRD fuels andits temperature dependence, a) Thermal stabil-
ity of American VRD fuels as a function of
"temperature; test by dynamic method [3]_' 1, 2,"." 3, &) fuel specimens. b) Average rate of filter
clogging as a function of temperature (test on
LTS apparatus (16]); 1) Type T-5 fuel; 2) type
T-1 fuel; 3) type TS-i fuel. A) Pressure drop
after filter, kgf/cm2 ; B) temperature, °C;
C) average rate of fi~ter plugging, mm Hg/mmn;
D) test temperature, C.

has lower thermal stability; its deposit-forming

rate has reached its maximum at a temperature
i•;2 gas low as 1200.

*The initial temperature of formation of
A Ef 13 filter-blocking deposits sets a practical limit

to the temperature range at which the fuel in
iB 4O0 300 question can be used, On heating, the propertiesB romxmpox'

-: Fig. 221. InClu- of a fuel chatge as a result of oxidation ofv ence of tempera-eture on deposit hydrocarbons, which results in increased acidity
formation in TS-t

mandT-io fels and increased tar content in the fuel. For corn-
and T-1 fuels
" bomb oxidation

7 . TS-; 2) mercial fuels produced by direct distillation,', T-1 ; 3) TS-I withT]rz; 3) TS-l with these changes are relatively minor on transient
)T-1

wiLh bronze. A)
qu~rantity of depos- heating even to the highest test temperatures,.qunity, i/Qof m1[16]

,[)B). Apart from insoluble deposits, tarry de-
i t~Žtemperature, C.
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TABLE 172

Temperature Range of Sediment Formation in Jet Fuels

"(by dynamic method, LTS apparatus) (16]

4 5U.elmyn,.no em yft"

3 NAICYPO 8433M

9ian NeIPel nIamort iIIeperonitt

a-" paO,•?u, p4 a. e ODOCb, a ''
-1 aa6N i 8 ,

........ ~ Itou.?a *Ua&?Pa.-to 2 -
i!9 ipou nm oi~ poro..nw..

"" r*1.}................ 11t0 140 -- t1 120--180 2.8-,9 f,

10 o,.1cF,,•,,,,,•, KOCI,,, UR-
MOlt Ilepernitit t1I Ce)ll'UCTUX

:ioT.ert (t1itii Tr-1) ..... .. > 140-150 160-180 - S 420-300 2.8--ToaII .,..o Out ov,,ono xop ,,- I 2-3DZO 1

.o~a~~t~omm pat~qn. npn-

2 igrt i.epero.tt (Tuna T-5) > 140 170--80 > 20i) ,50-120 6,--"
.epOCtiaOnDUx $pallnrti UpiMo0,

uoeprouKu (Tuna T-2) .T. . . i npoeax irenepaiyp t00--2000 npamu.
%0"~1 aiO 0O~P3Yei OC11AKOG, 3A6U~a*=A~X

14 Toa.nno ita ocriouo 60.3nuo- 16 •5 sa•amn,. of O4$eNT• EO"

NOepoc Utom.X3 3paXi4A , p- _v6 / CTU WITUONUCAMT1

VK.33M, xpowuara (Tuna T-4)t2. , saneo--t40 - 1)50--t7 .2o-.

S"17(liepOcul TopwrCoro up*- > too t41 > 0 so 6,9
rN.ara.... . . . . . . . .

1) Fuel; 2) temperature, °C; 3) onset of filter

clogging; 4) maximum rate of filter clogging; 5)
"upper temperature limit of filter clogging; 6) ther-

"-: mal stability at temperature of maximal filter
clogging; 7) time to clogging of 'ilter, minutes;
8) average rate of filter clogging, nun Hlg/min; 9)
direct-distillation kerosene from low-sulfur pe-
troleums (type T-l); 1O) lightened kerosene from
Sdilrect distillation of high-sulfur petroleums
(type TS-l); 11) fuel based on kerosene-gaa-oil
faction, from direct distillation (type T-5); 12)

fuel baWed on gasoline-kerosene fractions or" direct

:4 distillation (type T-g); 13) within temperature
r'-ae from 100 to 200 , practically no filter-clog-
ving deposits form; 14) fuel based on gasoline-kero-
sene fractions wi;h cracking products (type T-4);

15) depends on ef.'ectlveness of antioxidant; 16) 120

and higher,,; 17) thermal-cracking kerosene.

* ". posito may form on hot metal surfaces of the fuel-system components

(for example, in the oil radiator, etc.). The quantity of these de-

posits depends on the extent to which the fuel Is oxidized and Increas-

es with Increasing temperature and longer test times.

The influence of temperature on the formation of deposits in
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fuels comes into evidence not only on heating, but also on cooling of'

the fuels from higher temperatures to temperatures from 150-130°. For

certain fuels, extremely rapid deposit formation and filter blocking

by these deposits is observed particularly during slow cooling of'

I. fuels that have been heated to a temperature of the order of 2000 [3).

In this case, the same relationship prevails as in heating of fuels

from the ambient temperature to higher temperatures (see Figs. 220 and

221) - the maximum rate of sediment formation corresponds to a certain

temperature zone.

On the basis of their research, both foreign [3, 4] and Soviet

[20] researchers have come to the conclusion that most ordinary com-

inercial direct-distillation fuels have inadequate thermal stability.

To raise the temperature at which the fuels can be used in engines,

it will be necessary to improve the thermal stability of the fuels.

COMPOSITION, STRUCTURE AND MECHANISM OF FORMATION OF DEPOSITS IN
FUELS _

* The general qualitative laws governing sediment formation in

fuels were set forth in Chapter 12. The preaent chapter will be con-

corned only with the data that are necessary for treating the problem

of fuel thermal stability.

- The deposlts that form in the fuels at. elevated temperatures are

conglomerates of carboid particles cemented to one another by tarry

uubstances. The tarry part of the deposit can be removed by process.

irg with polar solvents.

In deposits obtained from fuels of the direct-distillation kero-

sone type, about 53-69% of tarry compounds and 47-31% of carbold com-

"petur'ds may be present (6). The chemical nature or the deposits has

, ,. been ascertained with sufficient clarity; they are of oxidative

WIgln, since they do not form in the absence of oxygen atid conta In
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TABLE 173
Elementary Composition of Deposits and Their Ash
Content as Functions of Conditions of Formation
and Fuel Type [5, 6, 17]

-1 Touno 2 Ycaounn o6pa .ianua 3uoc::t- Tax, s ee.

"'5 uopnn .p.- 612o, o-ien.o is np--.

moo rouIn, CYTCIDUU 6pouaiM . . . 7,* 33,7 5.4 0 40 4,

7 To me, oGp. 2 8To me ....... .... 7,0 * 29,f 54 8,1 49,7 0,7
q Hpeunuro- 0 . ... ........ 04 * 490. 1%4 M t8.5 2,3

lOPc,,tmnoe 120P, oKucaeOne 6..
Yonflnso CILIA, ,tovaa .a ........ ... 7,0 67,0 6,0 4.0 13,5 2.5
o6p. I

12C!"A, o6p. 2 3rB n.,,opawpnoi-TOnsunuoA urn~eue . B_...nt-a 50.0 4. 64, 2.

nOm
Fetoo

14 Tnua If 5150', nc caonve a xe.l a,,uto anply
S....... 31.• 3,3 41At 6,5 5,6 4U, -

161tre0cuo To i. . 51,7 G %5 U 2M

'T - e ash-forming element content (without oxygen)
is given here.
** By subtraction.

1) Fuel; 2) conditions of deposit formation; 3) ash
content of deposit, % by weight; 4) composition of
deposit by elements, %by weight; 5) direct-distilled
kerosene, specimen 1, 6) 1200, oxidation in presence
of bronze; 7) same, specimen 2; 8) same; 9) cracking
ker 8 sene; 10) American jet fuel, specimen 1; 11)
204 , oxidation without metal; 12) USA specimen 2;
13) in full-scale fuel system; 13a) basically Ve 203;
14) type N; 15) 1500, oxidation in metallic appara-
tu; 16) kerosene-gas-oil fraction; 17) same.

large quantities of that element (Table 173). -

"The tarry part of the deposits is characterized by high acidity

(up to 230-290 wr of KOH per I g [6)), and, in ca.-s where the de-

posits are obtained from a ruel containins a crackire component, :y

"a high Iodine numbor as well (about 90 g or iodine per 100 g [6]).

*iWhen the depoits are examined by spectral methods, it is found that

the carboxyl and aidehyde fkanctlonal group- predominate in them. The

•."presence or the aromatic ring has also been established in the deposits
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by these same methods. Inorganic ash-forming elements may constitute

*l a considerable part of the deposits. The ash content of the deposits

depends on the conoitions under which they formed and the chemical

nature of the fuel. Table 173 presents data on the elementary compo-

sition and ash content of the gross deposits formed in fuels of dif- ;p*'9'

"* ferent origins. -:

On oxidation of fuel, the deposits formed contain ash elements

in quantittee that produce up to 3-7% of ash, even in the absence of

metallic surfaces. On single-pass pumping of.fuel through a metallic

heater, the quantity of ash in the deposit increases to 15-20%, while

on multiple circulation of hot fuel in a metal apparatus, the deposit -'

.- ash content reaches 30-50%. Deposits formed from fuels possessing

*L high corrosive aggressiveness contain the largest amounts of ash.

Spectral analysis of the ash indicates that a wide variety of

elements is present in It (see Chapter 22 (sic]).

MetalW in contact with a fuel that oxidizes at elevated tempera-

ture may have an influence on the quantity of deposit formed In the

fuel, not only as a result of corrosion processes, but also because

they ar-e oxidation catalysts.

:2 Copper and copper ailoys have the 3tro4gt effect In oxidia-ng

fuelS and forming deposita in them; steel and aluminum-alloy specimens

ghave shown much lower catalytic activItlea6 As the temperature ris-es

-!rom 120 to 200-250 , the differences between the catalytic activities

of the metals tend to level off.

The di.•persion of the depositz Is an important i'actor in flltra-

S tLion of the fuels through fuel filteta. The quantity of deposit suf-

*91clent to stop the filter, completely under' the conditlons of con-

l;. -A!1ft ruel flow Is vevy small and reckoned In mllligi'caz per I v2?

0o! V1 iter uurface. Depending on temperature and the prop-.ie, . ot
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Fig. 224':. Mectron micrographs of high-tempera-
ture deposits and sediments (i0,000 x). i)
"Gross deposit from direct-gistilled kerosene
in metallic apparatus. 150 ; 2) tarry part of0
deposit .erom fuel with cracking products, 200
in glass apparatus; 3) carboid parh of deposit
from direct-distillation fuel, 200 , in glass
apparatus.

fuel, the filter-blocking deposits are characterized by different

dispersions and densities.

At the initial temperatures of deposit formation (120--10, de-

pending on fuel type), the filters are blocked by very fine particles

of a light gray color that penetrate into their pores and are almo3t

invisible on the surface. At higher tomperaturez (150-2000), the de-

posits become dark and pile up on the aurface of the filter. It has

been awtabliahed that the pa.rt*'1e size oa the deposltu that form In

T- 5:. T-1 and TS-i Cuela does not exceed 50 t at tenmpera.urea below

1 50 U, while it runG to 50-ý20 . at te.peratureo from i50- 250 [(isJ

The presence of partlcles of different shapea and silzes in the

"depolt3 was oetablished by elect ron-microscope examination. CrtLal-

line and aruo,'phoua (paitolike, gra.-t.lar) partlcles of oblong or

spherical shape ao ra.ng!P in size -roý.m tenrth of a micron to several
•*- 749 -.
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microns were .detected [3, 4],.

Figure 222 shows electron micrographs of certain deposits, as

"well as the tarry sediment--that formed on the metallic surfaces.* The

insoluble part of the deposit consists of individual spherical parti-

cles about 0.5 p. and smaller in diameter and joined together in

"branched chains. These chains are also held together by tarry substanc-

es, with the result that conglomerates of particles form and block the

"fuel filters.

The above data on the composition and structure of the deposits

justify the assumption that they are formed basically as a result of

polymerization and condensation of the oxidation products of nonhydro-

"carbon compounds present in the fuels [4, 51; an increase in tempera-

ture sharply accelerates the.deposit-formation process. It is also

assumed that the precipitation of deposits in a definite temperature

"zone is the result of a change in the state (coagulation) of the oxi-

dation products of nonhydrocarbon impurities present in the fuel in

the form of a colloidal solution [1611.

INFLUENCE OF CHEMICAL COMPOSITION OF FUELS ON THEIR THERMAL STABILITY

In commercial hydrocarbon fuels of the aviation-kerosene type,

*n there are present in insignificant quantities certain nonhydrocarbon

compounds - sulfur, nitrogen and oxygen compounds; traces of com-

pounds containing metals may also be present. Their quantity does not

normally exceed 1-2% [19, 20]. In [Soviet] aviation kerosenes, the

"content of sulfur compounds may run to 0.4-1%, that of nitrogen com-

pounds to 0.15-0.5% [21] and that of oxygen compounds to 0.15-0.2%

"[19]. When gas oil fractions are included in VRD fuels, the content

of nonhydrocarbons increases.

The composition of the deposits that form in fuels on heating to

" temperatures indicates that it is precisely these nonhydrocavbo,". "
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that are the primary sources of deposit formation, since sulfur, nitro-

" gen and oxygen compounds are always present in them in higher concen-

trations than in the initial fuel [3, 6, 17].

TABLE 174

" Thermal Stability of Specimens of Various Commer-
"cial Fuels and Their Hydrocarbon Components [20]

Toeutitic~ita CT30114bltOCIS Temyteparypa
STemnepaType MalcmlyMaS "atic ajn.

ocAA Pasopl n lon CH4pOW?uS • I1~~0I 10 p•111AR0 • ..

1Tomwes aplRA ~A"CO 081MA8111101R[

9l:JabTpt, ~ I K
KUrn. pm. "nail"5,'~'~

6 IKepocnn upp.•ooi noperoumn U3 MaRo.
"cepCI11ICTe1X IlCiTofk...... ........... 170 2,07 Yracao~opo0,jan q'aCTu Toro mo Ton- 140
..n~a .... . . ............ > 300 0,1
8 06ovrannutif Repocnin apnmog uepe-

roincit 113 cepH3ICTLZX uOTefe 185 1,9
9 YratiooppoAnoa llCm TorO we Ton- 180

S .u.a ........................ > 300 " 00

10 Hcpocneo-ro0mori.'ene $pavtxni np•-
moft neperomm Ul3 ManiocepsncTIx eRO-
Trell.. ................... 45 6,6

"1 Yrteno~opoiiant 'acib Toro Me '•TOU -6"
J1Jlia .. .. .. .. .. ..... . .... ........ >3Soo 0,3'

"2 lopocuu Tepmtuzocworo xpoennnra . . 6,
13 YraeoopopoAlua qacmh* Toro we Toa- 140.

nua ... . . ............ > t50 1,2

The elimination of nonhydrocarbon compounds may
not be complete.

1) Fuel; 2) thermal stabilit at temperature of
maximum deposit formation; 3 time to blocking of
"filter, minutes; 4) average rate of filter block-
ing, mxn Hg/min; 5) temperature of maximuv deposit-
formation rate for given fuel specimen, C; 6) di-
rect-distillation kerosene from low-sulfur petro-
leums; 7) hydrocarbon part of the same fuel; 8)
lightened direct-distillation kerosene from high-
sulfur petroleums; 9) hydrocarbon part of the
same fuel; 10) kerosene-gas-oil fractions of di-
rect dibtillation from low-sulfur petroleums; 11)
hydrocarbon part of the same fuel; 12) thermal-
cracking kerosene; 13) hydrocarbon part* of the
same fuel.

When the nonhydrocarbons are eliminated from the fuel (for exam-

ple, by adsorbent purification), its thermal stability increases

* sharply (Table 174) r20]. On the other hand, when nonhydrocarbons

are added to a purified fuel, the thermal stability of the fuel de-

- 751 -

7-'



-t--- 0/

10 20 30 0 3

B000oHonvvmemdo mOnubrarneaubiu

*00

4i00 f~l nterthra tblty[0-a hr

.cr.• ul pcie;2) 8 gl0 -lo -nyrcabn

"i aded )15 ra/10 mlofnon 10rca20n 30dded•

ft.5 b)Aeaert r itrbokn safnto

60 120 180 240 300

a

Fig. 223. Influence of nonhydrocarbon compounds_
in f'uels on their thermal stability (20]. a) Ther-
mal stability or type T-1 fuel with different
amounts of nonhydrocarbon compounds: 1) Commercial
fuel specimen; 2) 38 mg/lOO ml of nonhydrocarbons
added; 3) 150 mg/lO0 ml or nonhydrocarbons-added.
b) Average rate or' filter blocking as a function
of amount of nonhydrocarbons added. A) Pressure
drop across filter, mm Hg; B) duration of tests,
min; C) average rate of filter blocking, mm Hg/min;
D) quantity of tarry nonhydrocarbons, mg/lO0 ml.

teriorates in proportion to the concentration of the impurities intro-

:25:: duced (Fig. 223) [20].
The influence of specific nonhydrocarbon compounds on the thermal

stability of fuels has not yet been studied. There are only occasional

•- references to the effect that among the sulfur compounds present in

the fuels, the polysulfides, higher aromatic mercaptans and aliphatic

mercaptans have the strongest tendencies toward oxidative transforma-

tions. The other sulfur compounds are practically inert [3]. It is

indicated that certain sulfur compounds in petroleum are thermally

unstable even at temperatures as low as 130-1500 [22, 23]. Among the

nitrogen compounds, the least stable are pyrrole and the aliphatio

triamines [3].

Apart from nonhydrocarbon impurities, the composition of the

hydrocarbon part of a fuel may influence its thermal stability.
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The thermal stabilities of the various groups of hydrocarbons

have not yet been adequately studied. Certain authors are of the

opinion that as regards thermal stability, the hydrocarbons array

themselve3 in order of their tendency to liquid-phase oxidation [14].

"This view is supported by data on the thermal stability of certain

specific hydrocarbons [15] and a number of synthetic fuels [8, 25].

Among the hydrocarbons investigated, the bicyclic aromatic hydro-

carbons have the poorest thermal stability (Fig. 224). Both saturated

- and unsaturated aliphatic hydrocarbons are highly stable.

whichData on the very low thermal stability of polyalkylbenzene,

which apparently contains bicyclic aromatic hydrocarbons, and the

owe ' high (thermal stability] of' the synthol kerosene fraction, which

. consists of aliphatic hydrocarbons, are in good agreement with the

above [8] Naphthene-base fuels possess excellent thermal stability

". and fuels based on isoparaffins are rated very high in this respect

(25].

The high stability of synthetic fuels as compared to commercial

fuels may be accounted for not only by their hydrocarbon composition,

but also by the absence of nonhydrocarbon Impurities.

Olefin-aromatic hydrocarbons, the content of which in direct-

distilled fuels may reach 2%, are regarded as a probable source of

sediment formation [19].

On addition of cracking kerosene to direct-distilled kerosene,

the thermal stability of the latter deteriorates sharply. However,

the unsaturated kerosene hydrocarbons exert an influence considerably

"weakr than that of the nonhydrocarbons that accompany them (Fig.

225) (20].

Available experimental data permit us the conclusion that Lhe

thermal stability of the hydrocarbon part of co-mmrcial fuels Is ade-
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Fig. 224. Thermal stabilities Fig. 225. Influence of crack-
of certain individual hydro- ing-kerosene admixture and
carbons [15] (test by dynamic hydrocarbon part thereof on
method at a heater tempera- thermal stability of direct-
ture of 232 , aofilter tem- distilled fuel (20]. 1) With
perature of 204 , and filter cracking kerosene; 2) with
pores 5 1. in diameter). 1) a- hydrocarbon part of cracking
.methylnaphthalene; 2) tetra- kerosene. A) Average rate of
"lUn; 3) cis-decalin; 4) do- filter blocking, mm Hg/min;
decanes; 5) dodecene-1; 6) B) content of hydrocarbon
cetene. A) Resistance of fil- part or cracking kerosene in
ter, atmospheres; B) time, mixture, % by volume.
hours.

quately high; the basic sources of deposit formation are the nonhydro-

carbons present in the fuels. As a result, the thermal stability of

the fuels is not an additive property; when fuels are mixed, the mix-

","" ture has a thermal stability closer to that of the poorer fuel.

M METHODS OF IMPROVING THERMAL STABILITY OF FUELS AT ELEVATED TEMPERATURES

The formation or deposits in fuels at elevated temperatures may

be reduced by two fundamentally different methods: a) by raising the

thermal stability of the fuel3; b) by changing the conditions under

which the fuel iu used - by excluding contact of the fuel with air.
The thermal stability of fuels is raised when they are purified

ofr compounds that act as deposit-formation sources or when special

.additives are introduced.

"Influence of Various Purification Measures

In sulfuric-acid purification, a considerable part of thu ,iol-

hydrocarbons is eliminated from fuels and the thermal stability o'
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TABLE 175
Thermal Stability of JP-X Fuels Produced by Hydro-
genating Aromatic Concentrate, as a Function of.
Depth of Hydrogenation of Raw Material (14]

i'•'~ ':o-in.ec.no ,115por.n~pnonansul 0-':%
-- I AfloussalsauyB jao;puupoa 103133 -

_Ou. .. .... . 2 ? 21

De...c . ................. 0 U, 0031 0A OM -

a a) pc.m c.nmau, mu......". ... 300 30 300 12 "
b 6) roeanepaypa ne~nITOIIUXI 231/260 232/260 232/260 232/260
Cm5) nooAn ~AMMON u& $uuMrPO,

" ,P.. .* .* 0 0. 405 2.0 . .

T-he figure before the slash indicates the
!temperature of the fuel in the preheater, and
the following figure the temperature of the
fuel at the filter.

* A) Index; B) fuel specimen No.; C) quantity of
unhydrogenated aromatic hydrocarbons, % byvolume; D) content of sulfur in hydrogenate, %
"by weOght; E) thermal stability; Ea) test time,

minutes; Eb) test temperature*; Ec) pressure
drop across filter, mm Hg.

the fuel raised to the required level [13].

The Americans have tested a method in which the .thermal stability

o' 4ot fuels is raised by purifying them with liquid sulfuric anhydride, •

but the prospects for this method are acknowledged to be poor (25].

Adsorbent purification of fuels gives good results (3, 203, but this

method of purifying the fuelu has iot yet c)ne into industrial use.

* :: One or the promising processes for producing fuels with i~ihgh

thermal stability Is itydraulic purification. In this process, the

hydrocarbon part of the fuel is not subject to profound chemical

modification, but sulfur, nitrogen and metals are removed, and we

also observe saturation of olefins and decomposition of oxygen-con-

- taining compounds (26). Use of this process makes it possible to ob-

tain highly stable fuels from the Eastern high-sulfur petroleums or-

".- 755 -
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the USSR [7]. .

Hydrogenation of aromatic concentrates separated by fractiona-

tion from products of catalytic cracking and reforming may be used to

produce "exotic" fuels having high density and high heats of combus-

tion and characterized by excellent thermal stability [14]. In the USA,

these fuels are designated by the letters JP-X. However, the produc-

tion of highly stable fuels requires total saturation of the aromatic

concentrates by hydrogen and complete desulfurization (Table 175).

Fuels containing metallic hydrides (for example, boranes) and

suspensions of metals (for example, lithium) in the fuels and hydra-

zine are also promising. The thermal stability of such fuels is given

a lower point rating than. that of hydrocarbon fuels (6].

In the USA, considerable attention is being devoted to the

hydrocracking process [4, 25], since this method may be applied to

residual fuels to produce types JP-4 and JP-5 VRD fuels whose thermal

stability surpasses that of direct-distillation fuel [25]. However,

the industrial acceptance of the hydrocracking process in the USA is

not expected in the immediate future, since the residual fuels that

form the raw material for it are widely used as boiler fuels [27].

Influence of Additives

The antioxidants used to raise the stability of fuels under the

cuonditions of storage (Fig. 226) do not prevent the formation of de-

posits in the fuels at high temperatures (3, 4, 6). The quantity of'

deposits formed in the fuels on heating may be reduced by the intro-

duction of anticorrosion additives; in this case, the Inorganic com-

portent of the deposit is reduced as r eosult or the reduced corrosive

action of the fuel on the metals of the fuel-handling apparatus.

The use of additives that prevent growth o:' the deposIt partl-

c"e.1. or bivak up particle lumps that have already formed (see Fle-.
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3, 5- - - __ 226 and 227) is highly effective (28].

S2,8- Nornmineral additives of the polar-

"2- 5 polymer type (29, 30], which are prod-

1,#4 /11 ucts of copolymerization of compounds

j.4; containing nitrogen bases with a com-

A ponent that improves their solubilityA ~~~~ ~ _ ouilt '-i

BUOFh@mww,,Vfj in fuel (see Chapter 14), are the most

•'ig. 226. Effect of anti- effective. It has been proposed [29,
oxidants and dispersing ad-
ditives in improving ther- 30] that detergent-type additives have
mal stability of fuel [28].
1) Fuel without additive; a peptizing effect on colloidal oxida-
2) with superior antioxi-
dant; 3, 4, 5) with various tion-product particles and prevent
dispersing additives. A)
Pressure drop, kgf/cm ; B) their coagulation by holding the de-
test time, hours, posit in the form of a fine suspension.

Those additives that perform several functions, acting simultane-

ously as antioxidants, anticorrosion agents and detergents, are the

best ones for raising the thermal stability of fuels. An additive -

I " *,. I l I •j .• J I . • ' -I""
I' • :, / i• •-• !." .,',. !"-

L_ . ,, _i ' ..-_ ,-.i I* *(. -I ", ,,•L "1 ' >. • •

a b c

Fig. 227. Actlon of detergents on high-
temperature deposits (29] (electron micro-
graphs, 4100x). a) Initial fuel; b) same
fuel after test by CR method; c) fuel
with detergent after CFR test.

designed uo improve the thermal stability of fuels may also be formed

by cumbining 2-3 additives possessing one or two of the functions

enumerated above (30]. The maximum increase in fuel thermal stability
-- * may be achieved by combining purification with addition of "optimal" -

additives.
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Effect of Filling Fuel-Tank Airspace with Inert Gas

If the fuel tanks are airtight, the airspace in them may be filled

. with either air or an inert gas, supplied under a certain pressure,

as the fuel is consumed. Formation of deposits falls off sharply in

fuels that are under pressure exerted by an inert gas (Table 176).

To gain anything, the air must be eliminated thoroughly from the

fuel tanks, since even a minor admixture of oxygen to the inert gas

S'will contribute to increased deposit formation (Fig. 228). Similar

results were obtained in tests of TS-1 fuel at temperatures from 100

to 200° by-the dynamic method [311; it was established that in the

presence of a pillow of nitrogen or of the fuel's own vapor in the

space above it, the thermal stability of the fuel increased consider-

*, ably. Under the test conditions, a 3.5-4.2-% oxygen content in the

nitrogen did not have such a sharply detrimental effect as in static

tests run on T-5 fuel.

TABLE 176
I•-fluence of Nitrogen on Thermal
Stability of T-5 Fuel [8] (oxiga-
"tion in LSA apparatus, t = 200 )

O5it'WmCDO ocalVa, As/1too MAm
1 up otwacaua a&Tocepo I a aluroctpo

9 003o~lYa 7 a3oTa

21 Mon ...... ,HOT i,-
8 iao................10,2

.a .......... •o•02

1" Oxidation time; 2) 10 minutes;
31 6 hours; 4) 8 hours; 5) quan-
tity of deposit, rng/iO0 ml; 6) in

- air atmosphere; 7) in nitrogen at-
imosphere; 8) none.

A certain amount of attention has been devoted to this method

,o' countering accumulation of deposits in engine fuel systems in

* lue USA [4].

-758-



S•,,,' ,, -'_-'•.A °•..4__ . . . . . .. . . . . . . . . . . . . . . . . . . .... . . -'.. -.- ° .4 • . • '- •,. ,",h ,"<"<°-. . •. , , .,_ .... , o .. , . , ..V --•. ,

___.. .....____CHANGE IN THERMAL STABILITY OF FUELS
DURING STORAGE

Commercial VRD fuels produced by

,0. . -I direct distillation of petroleum can

_______ be stored for long periods (several

-�.years) without undergoing any notice-

A•1.0 ' /able changes in their physicochemical -

"properties. Observations of the ther-i

"" 3 mal-stability changes undergone by
B Codewmo'e KuCawop& o amne,%

fuels during storage were begun only
Fig. 228. Influence of oxy-
"gen content in nitrogen on during the last few years.
formation og deposits in
fuel at 200 (oxidation in The changes to which the nonhydro-
"LSA apparatus, 6 hours).
A) Quantity of deposit, carbon components of fuels are subject
mg/lO0 ml; B) content of
oxygen in nitrogen, %. during storage have not been given

adequate study. The data available on this problem (see Chapter 10)

lead us to the conclusion that nitrogen and sulfur compounds in the

fuels form insoluble deposits even under normal storage temperatures,

but that this process unfolds at a negligible rate. In experimental

storage of jet fuels under various climatic conditions in the USA W,.•

(24 fuel specimens were placed in the experimental storage), insol-

uble deposits formed in quantities that varied as a f'unction of the

conditions and time of storage [151. In fuels containing a catalytic-

* cracking component, as much as 30 mg of insoluble products per 100 ml

were found after 2-3 years of storage in a torrid climatic zone. The

filterability of all fuels, including direct-distilled fuels (Fig.

229) [151 deteriorated during storage under normal temperature con-

ditions. The insoluble deposits forin in greater quantities in storage

of higher-molecular-weight (diesel) fuels.

"* In (Soviet] VRD fuels, insoluble deposits formed In Small quanti- •
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ties during artificial aging (at 500)

4 -of fuels under laboratory conditions
s',O - - (2-4 mg/QO0 ml over 7 months of labora-

X& tory btorage).

The formation and growth of in-
soluble particles in direct-distilled0F e fuels during storage were recorded

Fig. 229. Influence of with the aid oV an electron microscope
storage on formation of in-
soluble deposits and fil- (Fig. 230). As will be seen from the
terability of jet fuels
[15] (storage in torrid micrographs, changes in fuel speci-
zone, filterability at nor-
mal temperature) a) Ther- mens that had had a year of storage
mal-cracking fuel; b) mix-
ture of direct-distillation resulted in a considerable increase in
and catalytic-cracking
fuels; c) mixture of direct- the number of microscopically visible

'* "distillation, catalytic-
* . cracking and thermal-crack- solid particles; their size had in-

"ing fuels; d) direct-dis-
tilled fuel. A) Insoluble creased by several thousand percent.
tars, mg/l0Q ml or filter
resistance, cm Hg_-B) stor- The accumulation and growth of solid
age time, years,

particles in fuels during storage

may result in deterioration of their thermal stability. It was noted

that fuels that have been stored for long periods had thermal stabil-

ities lower than those of fresh fuels [4].

Observation of the behavior of two different fuel specimens from

direct distillation showed that the detý_Pioration of thermal stabil-

"Ity in storage is evidenced primarily in a drop in the initial

temperature of deposit formation (Table 177).

The thenaal stability of the ruels was monitored by the dynamic

method usings pumping apparatus. In Specimen No. 1, the deposits

"ormed in the temperature zone from 150 to Woo in a test run prior

to storage; when the fuel was tested after a year 00 storage, the

.flltsr was blocked by the deposit rather rapidly even at 130 In --. "
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Specimen No. 2, no deposit blocking of the filter was noted at temper-

J atures of 140o-160 prior to storage; after a year, the filter plugged

up at 1200

N, A

Fig. ý3U.Eiecron mcr-o. aph

1 ea o strg. 1 S

IW

1f ye o&xart of Itrg (Saniicaio
100 .) a) Fu. .p e be<ore

1)Duatonorstorage; b) fulSpecimen atro61 ,tm
pertur o yrear of fitorae 1)kig 9YS-l;r

Cange rt ir filera StbleiAaty o 13 Diec160 ilato
Fuel o StoriageSor.
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17 Pu. C uowoAm &e3 npu- Cvomc-:-' 'oe COO

co8ru 0.05% caye 8u 0.05% Hol* 0.05%V.
B C B C .o- , &o. fflW,

0.01 %

Fig. 231. Change in thermal sta-
bility of fuels during laboratory
aging for 4 months at 50 C. I) T-1
fuel; II) T-5 fuel. 1) Before ag-
ing; 2) after aging. A) Deposit
on oxidation in LSA at 150 , mg/lOO
ml; B) without additive; C) with
0.05%ionene; D) with phenyl-p-
aminophenol; E) with 0.05% ionene

* and 0.01% metal deactivator.

"The rate or' filter blocking by the deposit at a given tempera-

* ture increased after the fuel had been stored (see Table 177). Con-

sequently, the admissible temperature limit at which the fuels can

h* be used after storage drops markedly. It is therefore necessary to

monitor carefully the changes in the the mal stability of fuels

during storage.

On addition of certain additives to the fuel (antioxidants,

".- metals deactivators), the changes in the fuel that result in deteri-

oration of thermal stability are inhibited. For example, Fig. 231

-". shows the influence of these additives during laboratory storage of

, a fuel. Addition of the additives or a mixture of additives made it

possible to maintain the initial thermal stability value in the

*; -£'ucl, while the thermal stability of a fuel stored under the same

conditions without the additive deteriorated. A positive rerult was

ýtlso obtained in storage or a fuel that had first been pur1it'ld ol'

"nonhydrocarbon compounds, particularly if a stabilizing additive hfid
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been introduced into the purified fuel.

It has been ascertained on examination of thermal-stability

- - data on VRD fuels that although ordinary commercial fuels are unstable

at temperatures typical for the conditions of supersonic flight, the

problem of raising their Ahermal stability can be solved by accessible

* -. :technological measures.

REFERENCES

1. Perault, Amer. Aviat., 18, 5, 43, 1954.

2. Davidson, E.G., Schweizer Archiv fuer Angewandte Wissenschaft

u. Technik [Swiss Archives for Applied Science and Engineering],

69, 2, 557, 1954.

S." 3. Johnson, C.K., Fink, D.F., Nixon, A.C., Ind. Eng. Chem., 46, 10,

2166, 19t4. ..

• 4. SAE J., .03) 12, 39, 1955.

"5. Barringer, K.M., Corzilious, M.I., Rogers, I.D., Petrol. Pro-

cessing, 10, 12, 1909, 1955.

"6. Sablina, Z.A. and Gureyev, A.A., Khimiya i tekhnologiya topliv

i masel (Chemistry and Technology of Fuels and Oils], No. 9,

1957.

7. Tereshchenko, Ye.P. and Tararyshkin, M.Ye., Khimlya i tekhnolo-

gtya topliv i masel, No. 2, 1959.

8. Shimonayev, O.S., Churshukov, Ye.S. and Rozhkov, I.V., Khimiya

i tokhnologiya topliv i masel, Nto. 4, 1958.

9. Rozhkov, I.V. and Shimonayev, G.S., NNT. Neftepererabotka (Pe-

troleum Refining], No. 2, 1958.

10. Gureyev, A.A. and Sablina, Z.A., NNT. Nertepererabotka, No. 2,

* ... 1959.

11. Potekhln, B.A., MiNnnzon, G.M. and Rozhkov, I.V., NNT. Nefte-

pererabotka, No. 5, 1956.

-- 763 "



12. Nelson, W.L., oil and Gas J., 55, 28, 116, 15 Jul. 1957. F

13. Keif, A., Amer. Aviat., 10, 46, 1956.

14. Conn, M.E., DuIkek,- W.GI,;SAE Annual Meet. Preprints, 55S, 1959. ,i'

"15. Nixon; A.C., Coil, C.A., Minor, H.B., J. Chem. and Engng. Data,

4, 2, 187, 1959.

16. Sablina, Z.A. and Gureyev, A.A., Khim'iya i tekhnologiya

topliv i tasel, No. 2, 1959.

"17. Chertkov, Ya.B., Zrelov, V.N., Marinchenko, N.I. and Shchagin,

V.M., Khimiya i tekhnologiya topliv I masel, No. 7, 1957.

18. Chertkov, Ya.B. and Shchagin, V.M., Khimiya I tekhnologiya topliv

i masel, No. 11, 1959.

19. Chertkov, Ya.B. and Zrelov, V.N., ZhPKh [Journal of Applied

Chemistry), Vol. 26, No. 10, 1953.

"20. Sablina, Z.A. and Gureyev, A.A., Khimiya i tekhnologiya topliv

i masel, No. 7, 1960.

21. Ashumov, G.G. and Musayev, M.R., Sb. trudov AzNII NP [Collected

Works o1' the Azerbaydzhan Scientific Research Institute for

Petroleum Refining], No. VILAz•.izd. nef t. 1. nauchno-.tekhn.

literatury [Azerbaydzhan State Publishing House for Petroleum

"and Scientific-Technical Literature], Baku, 1958.

"22. Skripnik, Ye.I., Khimiya seraorganicheskikh soyedineniy, soder-

zha3hehikhsya v neftyakh i nefteproduktakh (Chemistry of Sulfur-

Organic Compounds Present in Petroleum and Petroleum Products],

part I, Izd. Bash. fil. AN SSSR (Publishing House of the

Bashkirian Branch of the Academy of Sciences USSR], Ufa, 1958.

23. Obolentsev, R.D. &no Ayvazov, B.V., Ibid., page 51.

24. Deoegemueller, E.A., Preprint SAE, New York, 17, 7, 8, 1955.

> " 25. Oil and Gas J., 54, 7, 69, 1957.

*26 Khensel', V. IV mezhdunarodnyy neftyanoy kongress [Forth Inter-

- 764-

r. * .' ... '-



national Petroleum Congress], Vol. IV, Gostoptekhizdat tState

Scientific and Technical Publishing House for Literature on

thý. Petroleum and Mineral-Fuel Industry], 1957.

27. Stevenson, D.H., Heinemann, H., Ind. Eng. Chem., 4~9, 4, 664,

1957.

28. Nixon, A.C., Minor, H..,. Ind. Eng. Chem.,.48, 10, 1909, 1956.

29. Biswell, C., Catlin, W., Froming, J., Robbins, C., Ind. Eng.

Chem., 47, 8, 1998, 1955.

30. Sablina, Z.A. and Gureyev, A.A., Prisadki k motornym toplivani

[Motor-Fuel Additives], Gostoptekhizdat, 1959.

31. Danilov, I.N. and Murzabulatov, Kh.A., Khimiya i tekhnologlya

tooliv i mar Žl, No. 2., 1960.

---3?.<.Kualiyev,.-A.M.., Mardanov..-M.,A..-and Alekperov, G.Z., AINKh (A ...

Petroleun Ec.onomy], Yo. 9, 1959.

-765-



Manu- [Footnotes]
script
Page
No.

733 The Mach number ("M") is the ratio of the aircraft's flight
speed t~othat of sound, which is approximately 1194.5 k/hr
[23 at 0 and atmospheric pressure. -

743 See Chapter 11.

749 The particle size was determined after the fuel had cooled
to room temperatute.

750 The electrdn micrographs were made by A*jYe. Sazonov.

[Transliterated. Symbol]

738 BPA =VRD vozdushno-reaktivnyy dvIateIL = air-breathing
reaction-thrust engine(s),.
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Chapter' 23

PROMISING FUELS FOR AIR-REACTION ENGINES (VRD)

The effort to increase the flight speed, range, and altitude of

aircraft with air-reaction engines has made extremely urgent not only

those tasks associated with the improvement of the aerodynamic char-

acteristics, materials, and design of Jet aircraft, but it has also

increased the importance of those less important Jobs involving the

production of higher-quality fuels. The primary trends in the improve-

ment of fuels for air-reaction engines (VRD) involve increasing their

power characteristics [1]. By power (energy) characteristics of fuels

for VRD we mean the heat of combustion, density, and completeness of

. combustion. These characteristics play a decisive role in the effi-

i- ciency of VRD and in the flight-technical characteristics of Jet air-

craft.

Thus the flight velocity of an aircraft with an air-reaction en-

"gine (VRD) at the present time is increased by using powerful thrust-

augmented engines whose shortcoming lies in the fact that it involves

an increased hourly fuel flow rate attaining 9000-18,000 kg/hr [2],

which in turn results in a reduction in the flight range of the air-

craft. In order to increase the flight range, the aircraft must carry,

on board, a substantial reserve of thermal energy and this can be

achieved by increasing the quantity of fuel and its heat of combus-

"* m tion. However, the future supersonic aircraft with alr-reaction en-

gines (VRD) have small fuselages and thin wings- and this restricts

the possibility of loading large volumes of fuel aboard such aircraft.
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Therefore the promising future fuels for VRD must have a higher spe-

cific weight which will provide for greater capacity, by weight, of

the fuel Uianks.

Another characteristic feature of the VRD aircraft of the future

S .o is the substantial flight altitude, reaching as high as 15,000-

25,000 m. At these altitudes the combustion chambers of engines re-

ceive air in which the concentration of oxygen is reduced as a result

of the over-all reduction of the mass concentration of oxygen in the

ambient atmosphere at great altitudes. For example, the mass concen-

tration of oxygen at an altitude of 15,000 m is 46 g/m3 , at an alti-

t tude of 25,000 m the concentration is 6.5 g/m3 , while at the surface

of the earth the mass concentration of oxygen in the air reaches

288 g/m3. Therefore under high-altitude conditions there is a substan-

"tial reduction in the completeness of fuel combustion as a result of

.," which the flight range of aircraft is reduced.

.. Fig. 232. The thermal bal~ance of a TRD (turbo..
* ~Jet engine). 1) On thrust, 2) to drive thecompressor, 3) in the turbine; 4) in the noz-

i zle; 5) heat or exhaust; 6 })kinet~c ex~haust
.. ~ ~~~energy; 7) useful energy; thralee)y.J
•,losses; 9thermal energy, theral-nerg'+"
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In estimating the reserve of thermal energy aboard a jet air-

craft, it should be borne in mind that only 16.4% of the thermal en-

, ergy in a turbojet engine (TRD) is used to provide reaction thrust

(Fig. 232). This also produces an increase in the fuel reserves aboard

the jet aircraft, an increase which is required to provide for the

"thrust which would correspond to supersonic flight.

Recently, abroad, the volumetric heat of combustion, i.e., the

heat of combustion referred not to a unit of weight but to a unit of

fuel volume has, in addition to the mass heat of combustion, gained

widespread acceptance in the evaluation (estimation) of the energy

(power) characteristics of fuels. Anderton [3] proposed the utiliza-

tion of an energy factor (calculated in accordance with the following

formula) for a comparative evaluation of the energy characteristics

of jet fuels:
,,=100•.• 0_.1

Q.' Q:6

where Qv d %b are the mass and volumetric heats of fuel combustion;

".- -• and b are the same quantities for the reference fuel.

To calculate the energy factor for some fuel with respect to T-1

f. fuel, the formula can be presented in the following form:

* , aGi 11 o at- Qa'Q.

where p is the density of the fuel at 200.

"A comparison of the energy characteristics of fuels for air-reac-

tion engines (VRD) in accordance with the above-indicated energy fac-

* 'tor will be valid only under ground conditions. In high-altitude

flight3 the effect of completeness of combustion on the energy poten-

tials of a fuel must be taken into consideration. The magnitude of

completeness of combustion is, to a large extent, a function of the

chemical composition of the fuel. Tests of fuels for VIRD, carried out
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by Scott, Stansfield, and Tait [4], have shown that as the flight al-

titude is increased the completeness of combustion of aromatic fuels

is reduced somewhat more than in the case of paraffinic-naphthenic

fuels. For example, at an altitude of about 11 km the completeness of

combustion for fuels of a paraffinic-naphthenic base remains virtually

the same as for a commercial fuel, whereas the completeness of com-

bustion for aromatic fuels is reduced by 2% in comparison with a com-

mercial fuel. Therefore a comparison of fuels in terms of energy fac-

tors must be carried out so as to take into consideration the effect

of completeness of combustion. For example, for monocyclic aromatic

hydrocarbons of the 300-350 fraction, the energy factor under ground

conditions will be equal to 106%, whereas at an altitude of 11 km it

will be equal only to 104%.

"The energy factor may be used for a comparative evaluation of

possible changes in aircraft flight range on a given fuel, as opposed

to the flight range possible with T-1 fuel. A comparison of the re-

sults in the change of flight range according to the magnitudes of the

energy factors and according to the data obtained by the well-known

Breget [5] formula for the calculation of flight range of a "conven-

tional" aircraft for which the weight of the fuel amounts to 65% of

"the total payload, shows discrepancies not exceeding 1.0-1.5%.

FUTURE PROSPECTS FOR THE UTLIZATION OF PETROLEU14 FUELS FOR AIR-REAC-
TION ENGINES [VRfl]

An evaluation of the prospects of petroleum fuels for air-reac-

tion engines (VRD) can be undertaken on the basis of a comparison of

the enertgy (power) characteristics of these fuels. In terms of mass

heat of combustion, the petroleum fuels T-l, TS-l, T-2, and T-5 show

ll"t•le difference between one another. The maximum heat of combustion

is exhiibited by the T-2 fuel (10,35010i,450 kcal/kg), and the miimulm
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.* heat of combustion is exhibited by the T-5 fuel (10,240o-10,260 .

- The T-5 fuel has a density of 0.843-0.848; the T-2 fuel has a density

* 2]' of 0. 760-0. 770. The TS-L1 and T-1 fuels occupy an intermediate position

* on the basis of these indicators. A calculation of the energy factors

* for commercial fuels yields the following data: T-2, 97%; TS-I, 98%;

and T-5, 103%. This means that the fuels T-2 and TS-1 are inferior to

the T-1 fuel in terms of energy characteristics by a factor of about

2-3%, whereas the T-5 fuel is better than the T-1 fuel by 3%. This in

turn has its effect on an aircraft's flight range when these fuels are

used.

IFels of one and the same type, but derived from various petro-

leums, in terms of mass heat of combustion and density exhibit no sig-

"nificant difference. For example, the mass heat of combustion of the

"T-2 fuel derived from Tatar petroleums is equal to 10,440 kcal/kg.--

when this fuel is derived from Sakhalin petroleums, the mass heat ofkcal. -

combustion is 10,340 kcal/kg; from Bashkiriya petroleums, 10,410-c.."

and from Groznyy petroleums, 10,470 kcal/kg. Consequently, in deriving

fuels for air-reaction engines (VRD) from petroleum crudes by means of

conventional petroleum-refining methods we cannot count on any sub-

stantial improvement in the energy characteristics of the fuels.

The energy (power) characteristics of fuels for air-reaction en-

gines (VRD) are, in great measure, dependent on the chemical and frac-

tional composition of the fuels. The mean indicators of chemical and

fractional composition of type T fuels indicate that the fuels T-l,

TS-l, and T-22 exhibit varying chemical and fractional compositions.

However, as has already been pointed out above, these differences are

%4 of no gl'eat significance with respect to the energy (power) character-

istics o:f the fuels.

The energy characteristics of the hydrocarbons in the composition
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TABLE 178
Energy (Power) Characteristics of Fuels for Air-.L
Reaction Engines (VRD)

2 TOUOA 4pre-
1 lpojexm UUUnan YrWeao. Tropo•a IaoTnocM 'ccr.fl ' o.

*paXgiI, oc AopoAU NrOArans,

1 . 25-150 I 10420 0,7634 96

II9880 018315 92
150-200 I 10420 0,7926 100

"II 9950 0,8313 95
200-250 1 tO 400 0,8014 1o0

II 9890 0,9045 100
250-275 1 10 350 0,8283 103

II 9960 0,9092 102
HI 9660 0,9653 t00

T-2
100-150 I 10480 0,7312 93

II 9960 0,8522 95
"t50-200 I 10420 0,7662 97

1I 990 0,8744 97
200--50, I 10350 0,7963 99

II 9960 0,8649 97'+ +"".TC-i "

t00-150 I 10540 0,7362 95
II 9870 0,8399 93

110-200 I 10500 0,75M4 96
II 9990 0,8385 94

200-250 I 10510 0,7611 98
UI 9890 0,8773 98

Note. Hydrocarbons: I - paraffinic-naphthenic;
II - monocyclic aromatic; and III - bicyclic aro-

•- matic.

1) Limits of boiling for fractions., )C;2 hydro-
carbons; 3) heat of combustion, kcal/kg, den-
Sity, p" ; 5) energy (power) factor,

of a VRD fuel are of particularly great interest, depending on their

distillation limits and chemical structure. Table 178 shows the en-

ergy (power) factors for a flight altitude equal to 11 km and for a

group of hydrocarbons in the composition of the fuels T-2, TS-l, and

TS-l [sic - in accordance with Table 178 the proper order should prob-

ably read T-l, T-2, and TS-1], these hydrocarbons having various boil-

ina limits. We can see from the data cited that for all fuels the

"paraffinic-naphthenic hydrocarbons exhibit higher energy factors than

the mono- and bioyclic aromatic hydrocarbons. However, in this case as

well, there is no substantial improvement in the energy characterist-
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ics. For example, only the paraffinic-naphthenic hydrocarbons of the

0250-275 fraction of the T-1 fuel have an energy factor equal to 103%.

Other hydrocarbons of the T-1 fuel, as well as of the T-2 and TS-1

fuel, have energy characteristics below this magnitude..

.*' A general rule is that the energy factors of .hydrocarbons in-

crease as the boiling point of these hydrocarbofis rises. For example,

- the energy factors of the hydrocarbons of the 300-350° fraction of,

,. heavy Baku kerosene attain the following magnitudes (in %):
Paraff"nic-naphthenic 105

Monocyclic aromatic.. .4.. **.. * . 104

Bicyclic aromatic . . . . . . . . . . . . . . . 103

Tricyclic aromatic ... . ........ . .104

Consequently, the most promising fuels with increased energy

characteristics are the paraffinic-naphthenic hydrocarbons boiling

over at 300-3500 and higher. The truth of the matter is that the aro-

matic hydrocarbons of this fraction also exhibit high energy factors;

however, the utilization of these fuels in air-reaction engines (VRD)

is associated with a number of operational difficulties (great tend-

* ency to scale formation, high temperature of crystallization, etc.).

Given a positive solution to these difficulties, perhaps the entire

fraction can be used without having to separate it into groups of hy-

" drocarbons. Of the VRD petroleum fuels, the most promising are those

distilled within a range of 300-3500 and higher. Work is being done in "

2 this direction abroad; the intentions axe to use light mazouts as VHD

fuels [6]-

The enerGy characteria tics of hydrocarbon fuels for VID can be

increased by means of radioactive irradiation. With radloactIve irra-

* * diation, the molecular weight of a fuel is increased. This results in

a chawne in othe-, fuel chavacteristics as well. For e-xample, when the
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American jet fuel JP-5 is subjected to an irradiation dosage of

5. 109 r the viscosity of this fuel, at 380, increases from 2 to

500 centistokes, the 50% boil-off point rises from 216 to 3300 and

density increases from 0. 84 to 0. 94 [7].

Radioactive irradiation of jet fuels also has an effect on the

*>" thermal stability of these fuels. The thermal stability of fuels is

imp-roved by irradiation dosages of 5* 10~ - 5-109 r and is impaired
48

with a reduction in the irradiation dosage to 10 - 5. 108 r.

SYNTHETIC HYDROCAR~BON VRD FUELS

If as a result of using high-boiling petroleum fractions the en.

ergy characteristics of VRD fuels can in the near future be increased

ýby 4-5%, fuels with even higher energy characteristics can be obtained

TABLE 179
* Energy Characteristics of Individual Hydrocarbons :

1.1 f.CittuioW

'4 
6 ,2AU fl~U3T3 .......... 10620 0,71* tot

.. ..... 10530 0.7CI 102
10470o WM02 toe

9L 6,t. 10.15 19. 23 -rump.
10420 9WM t

L1.~A~a~~V~i1U...... to 1260 0.6031 t
-"Awl oPOU1..1tourni ormcan. . . tO3¶30 0.003 113

.. auwar.ct~).a .. .. . .10310 0.9O3 112
14 ApWsawgm.

. ... ... 91,50 110050 too
. S 1.0110 to$

1) ly-drocarbons; 2) heating value, kcal/kg; 3)
density, 2~0 ; 4) energy factor, %- 5) paraffinic-

* * 6 2,2 .dim th11pentanel 7) 3s12.sdiethyyltetrae -e
ociiej 8) 4,8, 12..tri'ethylhexadecane; 9) 2,0,1Of
15 19,23-hexamethyltetracosane, 10) naphthenlc;

il~l .1.4cyclohe)Wlethane; 121 2-1sopropy1dicy.
clohexyl; 13) 2,2-dicyclohexylbutanie; 14) aro-
matic!; 15) ci-nuethylnaphthalene kerosene; 16) 2-me- - -

thyldiphernyl; 1?) 3-ethyldiphenyl.
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VAE * .80

Characteristic of high-Energy Fuels Based on Bi-
and Polycyclic Naphthenes 'a-p

2, .. o_ I raao-a x vemro

2 .2'4~ 3 C)UT_ ___ _ _ _ _ _ _ _ _ _,__ _ _ _, 2 , ---1"

5 rg~onoa crapausa:
b sI0&) OWM 10255 102W0 10280 10180 10070

7 xw/........... 8880M 890I 8930 9020- 9601 9880
8 n,,o,. Q. . . .. OM' O-I 74 U,872 AMt O =.3, 0,.7-

9 3seprens'ecaaA so*
~~~~~0 1e• . . { ~ • IB 0 t, 15 .'.

S3,3us,, "OC........" l -60 -- 0 -42 "-40 -a4 0,,-
J~ O33KOCTi ýtwanIUs-0. 1 aup p-18", 5..at 10A 2 14 8A so 30 ,000

*12 Opoluxonulu Oct?'im-

* .13. 0% bwuwnwaviC 200 2•29 2 -2- "
3 0%. a a 23 259. 233 28 21 296
90' 264 M8 M5 .

Tcphthrc fraction •s
* .m"pi,.. .. I i..w..2.

1 'hdicattrs; 2) from n rt ; 3)
Troat aromatic hydroca.-'bons of atalytia~cracki
,ga4 oil; ) specimens; 5) heat of combustion; 6)

* kcal/k;7). kcal/1" b) -density, p 9) energy

factor %; 10) -temperature of crystallization,ill kir, •nm.tic vl~ac-,aty at -18°, centlstokes; "'

121 fr&actional composition; 13) 10% boils off,
OC; I4) therxostabillty (filter difference),
mm 1g; 15) absent.

synthetically. The hydrocarbons exhibiting high heats of combustion

and high density must be included in the composition of such fuels.

' The isopa"affinic hytdrocarbons with compact side groups and some of
I

"the naphthenic hydroca'rbons with Isostructure side cha-,ins- answer

these re-quirements [8]. Coodman and Wese [9) synthesized hydrocarbons

with hiSh energy characteriistics fnom a group of dicyclohexyl deriva-

tives. A comparvItor of the energy (power) characteristics of These hy-

drocavbo= agalnst the characteristics of other groups of hydrocarbons

(Table 179) demonstrated that the energy (power) factors of the forimer 7

. attain 112- -3•.11
7- 75 -



Subsequently, the work proceeded in the direction of the practical

derivation, under industrial conditions, of high-energy fuels based on

bi- and polycyclic naphthenic hydrocarbons. Conn and Dukcu [sic] [1] "

derived high-energy fuels based on naphthenic hydrocarbons from the

kerosene-gas-oil fractions of select petroleums and from bi-, and poly-

cyclic aromatic hydrocarbons of catalytic-cracking gas oil after in-

tense hydrogenation. Table 180 shows the characteristics of certain of

these fuels. We can see from the presented data that in terms of the

mass heat of combustion these fuels are equivalent to contemporary pe-

troleum VRD fuels; however, in terms of density they exceed substan-

tially the contemporary fuels. In accordance with this, the energy

factor of certain of these fuels attains 112.5-115%. Consequently, in

using these fuels in jet aircraft we can expect an increase in flight

range by 12-15%.in comparison with the results obtained on a T-1 fuel.

A characteristic feature of these fuels is the high thermal stability

at temperatures below 2600. One of the negative characteristics of

these fuels is the viscosity which in certain specimens attains

lbO0 centistokes at -18°.

At the present time, there have been obtained two industrial

batches of select high-energy fuels, designated as JP-X [10]. The in:l-

tial products for the derivation of the JP-X fuels were the aromatic

hydrocarbons (primarily, of two-ring structure), separated from cata.

lytic-cracking gas oil, as well as the hydrocarbons obtained from the

products of coal processing. These hydrocarbons were subjected to ex-

haustive hydrogenation to naphthenic hydrocarbons and are, in this

form, presently undergoing tests in jet aircraft [11]. The derivation

of similar high-energy synthetic fuels is the most promising trend in

the development of mass fuels for air-reac•ion engines (VRD) [10].
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BORON-HYDROGEN (BORANE) FUELS .

The energy characteristics of the hydrocarbon VRD fuels are lrn-

ited by the fact that in addition to hydrogen exhibiting the highest

"TABLE 181

Relative Plight Range with Boron-Hydrogen (Bo-
"rane) Fuels

OT-Coi Teas. - O•BnOeaTSn-
1 TouIo 2 BAR A&Ao i Tomuiano aRA noA-

______._______ _______ I ~ae 2
. JP-4 .. .,0 lOnTa, opa, .7 .' ,

JP-4 + 50%pa . 1,2 Aoaa6opan .• . 1,5
GOP . . ......... ... 16 Tonnuno 1.EF9, .. 4
ap64 6opa 1.. ,5 Awoununi . ,9 . 1,4
pwnn . . . . . . 1,6 Mar .. 11. 0,64

A pan .. .... . 1,6 TaTax . .12..... 051

i) Fuel; 2) relative flight range; 3) boron, 4)
boron carbide; 5) beryllium; 6) diborane* 75 pen-
taborane. 8) decaborane' 9) HEF fuel; i05 alum-
inur; 111 magnesium; 121 titanium.

"heat of combustion of 28,700 cl

'-< , •} these fuels also Include carbon
2.Re 3 ,,j•, -- whose heat of combustion is not3 4 er•oo.oa'i wh

==Cm= great - 7800 kcal/kg. By replacing

.�6�,: '. iT the carbon with elements exhibiting

1,0 30 1$400 17000 higher heating values such as, for

Fig. 233. Heat of combustion example, beryllium (14,970 kcal/kg)
of boron-hydrogen (borane)
fuels. 1) Diborane; 2) penta- and boron (14,170 kial/kg), great
bnrane; 3) tetraborane.; 4) de-
caborane; 5) methyldiborane; potentials are offered for the pro-
6) ethyldiborane 7) tetra-
ethylc3borane; 81 triethylbo- duction of promising future high-
rane; 9) heat of combustion,
"kcal/kg; 10) alky2 ouranes; energy VRD fuels.
11) boranes.

The most accessible are the

bbron-hydrogen (borane) fuels [12], (13], [14]. The production of fu-

els based on beryllium is more complex and these exhibit a signifil

"cant toxic effect.
• The b'sic advantages of the boron-hydrogen (borane) fuels are

The b-*-*.* an
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that they make it possible:

to increase the engine power and flight range of the aircraft;

to reduce both the volume and weight of the fuel required for the ""

aircraft, without reducing range and flight durations;

to reduce the dimensions and weight of the engine without -dimin-

ishing, the power of the engine.

For example, in designing an aircraft with a given flight range

2: and intended for operation on a boron-hydrogen (borane) fuel, it is

possible:

to provide for a lower speciic load on the wings;

to reduce the dimensions of the aircraft and increase its speed

"i correspondingly;

to increase the payload of the aircraft;

to increase the operational ceiling and reduce the takeoff run of

the aircrait (151.

American boron-hydrogen (borane) fuels are alkylated derivatives

of boranes.

"The EF-I 2 fuel is an alkylated pentaborane, and the HEF-3 fuel is

V an alkylated decaborane [16, 17, li]. Ethyl is used as the alkyl radi-

cal in these fuels [19]. In addition to the ethylated boranes, a HEF-5
Puel has been developed, and instead of ethyl in this fuel butyl is

taken aa the alkyl radical. HiCal fuels are alkyl derivatives of di-

borane [18]. A comparison of these fuels with the hydrocarbon fuel of

the wide-fraction JP-4 type in terms of the magnitude of relative

4 flight range of a future aircraft at an altitude of 21 km at a veloc-

ity of 3 M Se>,.ws (Table 181) that IEP-brand fuels make it possible to

increase flight range by 4O0, and that decaborane and pentaborane make

it possible to increase flight range by 50% [20].

4.4. The alkyl boranes, although they exhibit a lower heat of combus-
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tion (Fig. 233), are nevertheless more stable and less toxic than the

nonalkylated boranes.

Much research is being done on diborane, pentaborane, decaborane,

and their derivatives. All of the boranes exhibit an unpleasant odor

and are toxic. The permissible concentration limit is 0.0001% during

8 hours of work. The vapors of these boranes produce headaches and

nausea if inhaled in small quantities. Under general conditions, the

"boranes are not very stable; however, if special conditions are main-

tained and air and moisture are kept out, they can be stored for long

periods of time.

4 00 A study of the thermal stability of
zoo-
10oo liquid boranes at varioua temperatures (Fig.

.407
W-" 234) demonstrated that they decompose rap-

idly with the formation of gaseous products

93- and solid insoluble precipitates. The gas-

eous products of the decomposition enhance
- Fig. 234. Thermal

stability of 5% so- the formation of vapor locks in the fuel
J"utions of borohy-
drides. 1) Decabo- system, and the deposits choke the fuel fil-
rane; 2) pentaborane;
3) diborane. A) Time, ters. This is the situation, for example,
min; B) temperature,
"C. observed in tests on diborane in a standard

4 I

Fig. 235. Deposition of boron ox-
16e in flame tube of 7H D combus-
ti~on chambe:r.

TED arbe'. The diboxane decomposed in the tubing and injectors
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(spray nozzles) of the fuel system,

.< "-. resulting in the partial closing of

.. .the nozzles. Dep its of boron ox-

ide quickly formed in the flame

tube (Fig. 235). In tests of borane

fuels under test-stand conditions

in a full-scale turbojet engine,

"deposition of boron oxide was ob-

F 2 D tbserved on the walls of the flame•-<'(Fig. 236. Deposition of boron

oxide on reverse side of TRD tubes, the flame connectors, the
turbine stator.

stator (Fig. 236) and the rotor of

the turbine, and on all component parts of the afterburner and exhaust

nozzle (Fig. 237) [20, 21]. Particularly serious difficulties are

caused by deposition in gas turbines which, at the present time, are

intended for operations close to aerodynamic and mechanical limits. In

this respect, the utilization of borane fu-

els in afterburners involves fewer diffi-

culties. However, in this case, greater at-

tention must be devoted to the thermal sta-

Sbility of the fuel, since the fuel lines of

l •j the afterburners are situated in a hotter

\* portion of the engine.

* '.'With the utilization of borane fuels

in afterburners of TRD, the fact should al-

Fig. 237. Deposition so be borne in mind tha't the temperature of
of' boron oxide on
exhaust nozzle of TRD. the exhaust gases must not exceed 1650.

Otherwise, a portion of the heat will be expended on the vapor-

. ...... ization of the boron oxide and this reduces the kinetic energy of i.-

exhaust stream which is compensated only by increasing the fuel flow:

',p" - 780-
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There are great potentials for the utilization of borane fuels in

ramjet engines. Tests of a ramjet engine operating on pentaborane,

under flight conditions, have shown that engine thrust increased ap-

proximately by 60% in comparison with operations on a hydrocarbon fu- -

el [20].

Extensive tests of borane fuels have also been carried out in

ramjet engines intended for guided missiles. These tests showed that

the flight-technical data of these missiles were substantially im-

proved.

In addition to the high heat of combustion the borane fuels ex-

hibit better characteristics of combustion. For example, the speed of

flame propagation (diborane - 100 m/sec) is greater by a factor of

several tens than in the case of hydrocarbon fuels (0.9. m/sec). In

* accordance with this, complete combustion of borane fuels in contemp-

S'orary combustion chambers is achieved over a shorter course than in

the case of hydrocarbon fuels. This indicates that in VRD shorter com-

" bustion chambers can be employed, and this makes it possible to design

a shorter and lighter engine. These concepts are particularly impor-

"tant in the design of ramjet engines where the length of the combus-

tion chamber makes up the basic part of the over-all length of the en-

gine.

* A higher speed of flame propagation in the combustion of borane

fuels also governs the improvement in the process of flame stabiliza-

tion as a result of which the combustion may take place at an in-

creased air speed and a shorter diffuser than was required earlier can

"be used.

* ** , METALLOHYDROCARBON FUELS

"In addition to Increasing the flight range of Jet aircraft, ano-
' 781
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ther important goal is a pronounced

87 30 increase in the thrust of VRD. The

7,500 goal in this case may be achieved by ,.'.

" 5250 means of fuels which are suspensions

ell 7 of metals in hydrocarbon media. For
A 00 -8

rz a pronounced increase in the thrust
S3730

of air-reacticn engines (VRD) a sub-

stantial increase in the temperature
11350 -

within the zone of combustion is re-
quired. This can be achieved in the

"Fig. 238. Temperatures of combustion of such metals as magnes-
combustion for metallic fu-
els and their suspensions in ium, aluminum, boron, or their sus-

-'. a hydrocarbon fuel. 1) Mg;
2• Al; 3) B; 4) pentaborane; pensions in the jet fuel. Figure 238

50% JiPr 7) H M2 8) P shows the possible temperatures of

9) C. A) Temperature of com- combustion for fuels of this type
bustion, oC; B) fuel-to-air
ratio.

to5

* 4 3,

V I5 2 -O

'-" ~~~B 8pe.,,p zppowa,,W~ttx

, Fig. 239. Effect of additive on ,-
stability of 50% magnesium sus-:".,

,:. ~cane with 1% lecithin-; 3) JP-.4-.,.
!Q~w~ith 28%• petro latu~mj 4) de eane
,'.. ~~with 0.2% lecithin; 5) JP-4 with :-.
::" ~52% petrolatum. A) Coefficient of "'
S~~deposition, H/%•; B) storage ::

time, days. "

•.:. [2J]. The highest temperatures are obtained in the combustion of e i":

-782

45 %
*o "-:.'0: 5" 0 . ,'S.:, 20 .. , 25 ..30. J5 ,..'• ,,. :"\. ."'"'".-", • - ,".".



oxides of magnesium, aluminum, and boron. A substantial increase in

the temperature of combustion is also achieved by using 50% suspen-

sions of the oxides of magnesium and boron in JP-4 fuel.

One difficulty in the utilization of aluminum to obtain suspen-

s±onf is the faot that as it is burned in the chamber, a sticky low-

melting oxide of aluminum is formed and this is deposited on the walls

of the combustion chamber and removed only with great difficulty.

Metal suspensions in hydrocarbon fuels must exhibit a relatively

"high concentration of metal while at the same time exhibiting a vis-

cosity making possible the easy pumping of this suspension through the

"tubing and providing for ease of atomization through the injectors

(spray nozzles). The quantity of metal which can be contained in the

suspension is a function of the metal-particle dimensions, the shape

of these particles, and the composition of the hydrocarbon medium, as

well. as of the type and concentration of the stabilizing and thicken-

Sing additives.

The stability of metallohydrocarbon fuels is a function of the

metal-particle dimensions and increases with a reduction in the size

of these 'particles. Stable suspensions of magnesium and boron in a jet

fuel can be obtained with a 50-60% metal content, where the particles

exhibit a dimension of about 1 p.. For better metal dispersion in sus-

pension surface-active additives, in a 1-2% quantity, are added. Leci-

thin which is a mixed glyceride of fatty acids (palmitic, stearic, and

oleic acids) and phosphoric acid exhibits great effectiveness. In this

case, of the three hydroxyls of the phosphoric acid, one forms gly-

cerine etlier, and the second forms an ester with the hydroxide of tri-

.- methyl-i3-oxyethylamine or monoethanolamine. The addition of this addi-

• .. tive in a 0.2% quantity, as can be seen from Fig. 239, provides for

the adequate stability of the magnesium suspension.
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In addition to the metal-particle sizes,

"- # 3stability of suspension is greatly affected
by the viscosity of the suspensions. The ...

4%.°.

lower the viscosity of the hydrocarbon medi-
A ~242

.,unum, the more rapidly and in greater quantity

" %R •the precipitation of metal particles. It is

4 a 1Z M8 2 for this reason that in metallohydrocarbon
B Omuowemaut moineula e

o fuels thickening additives such as, for exam-

Fig. 240. Burningrateo - 50%,suspen ple, petrolatum or the aluminum salt of hexa-Srate of 50% suspen-

sions of magnesium carboxylic acid are added. Figure 239 shows
and boron in JP-4
"fuel. 1) JP-4; 2)" s e o r rthe effect that petrolatum has on the sta-::.:::suspension of boron

with particles t h bility of a magnesium suspension in the JP-4-:-'.in size; 3) the

same, for magnesium; jet fuel. By means of adding dispersion and
4) magnesium suspen-i!:i sion with particles

s t a thickening additives, it becomes possible to
15 p in size. A)
burning rate, m/sec; obtain suspensions of magnesium and boron in
B) fuel-to-air ra-
tio. a hydrocarbon fuel, and these are stable for

30-60 days and more.

The rate and completeness of combustion of metallohydrocarbon

fuels is of great importance for an evaluation of these fuels. An es-

timate of the burning rate of -•uspensions of boron and magnesium

showed (Fig. 240) tthat the burning rate of the magnesium suspension is

niub.itziitiatly greater than that of the boron suspension. FoZr a magnes-

ium suspension, even with particles approximately 20 p. in size, there

is more than enough time for complete combustion in ramjet engines and

in the afterburners of TRD. A study of the completeness of combustion

of boyton suspensions in ramjet en i.nes (PVED) has shown that the com-

.•etnec of combustion is, on the average, below 85%, and this sus-

Senclon burns particularly poorly in lean mixtures. On the other hand,

"-. umagnesium suspension burned well both in the PVRD and in the aL'-
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terburners of TRD (turbojet engines).

The utilization orf.magnesium-hydrocarbon suspensions makes it

"possible to increase markedly-the thrust of air-reaction engines. In

this case, the thrust augmentation of the engine takes place both as a

result of~ the combustioni of the magnesium-hydrocarbon suspension as

"well as because of the injection of water. The combustion of the mag-

nesium-hydrocarbon suspensions increases the thrust of the engine by

70%, and the additional injection of water increases thrust to 200%.

-. The high effectiveness of the magnesium-hydrocarbon suspensions was

* confirmed both under test-stand conditions as well as under flight

S•"conditions at an altitude of 11.8 km at a velocity of 3.84 M. Magnes-

"- ium-hydrocarbon suspensions burn well even under conditions in which

* conventional hydrocarbon fuels of the wide-fraction type burn poorly.

' 'Consequently, magnesium-hydrocarbon fuels offer great prospects for

increasing the thru,3t of air-reaction engines (VRD) intended for

short-range flying craft.

"ORGANOMETALLIC FUELS

"Organometallic fuels are also included among the promising fuels

for VRD of the future. Of this group of fuels, greatest attention is

1 onauso

7 P M 61 "lll:lt.'llMll .. . .. . . . 0 1 ,400 87600* 7 L•flt, bt~. . ................ I :a Ia 7 •

1i Fuel; 2) heat of combustion;
3 kcal/ %; 4) kcal/1; 5) JP-4 fu-
el; 6) triethylaluminum; 7) tri-
".'thylboron.

being devctcod 'o Lilothylaluminum, trimethylaluminum, and triethylbo-

v ,on. At the present time, in the USA and Great Britain, these fuels -
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Fig. 241. Lower limit of stable
fuel combustion for PVRD (ramjet
engines) as a function of flight
velocity and pressure in the com-
bustion chamber. Fuels: 1) Petro-
leum; 2) organometallic; 3) bo-
rane; 4) metallohydrocarbon sus-
pension. A) Pressure, mm Hg; B)
flight speed, m; C) temperature,
OC.

based on aluminum - are being produced in quantities making it possi-

"ble to use these as starter fuels for air-reaction engines (VRD). For

example, in Great Britain triethylaluminum meeting specification

DERD-2489 is being used [26].

In addition to its utilization for starter purposes, organometal-

lie fuels can be employed as basic fuels for ramjet engines. We will

, point out that in terms of energy characteristics these fuels, as can

be seen from the figures presented below, differ little from the con-

ventional petroleum JP-4 fuel.

However, these fuels exceed hydrocarbon fuels in terms of com-

bustion characteristics at low pressures within the combustion chain-

ber. Low pressure in the combustion chamber is particularly charac-

teristic of ramjet engines under flight conditions at great altitudes.

Under these conditions, the oombustion of hydrocarbon fuels is not

stable and is frequently accompanied by flame extinction. For example,

the combustion of hydrocarbon fuels at a flight velocity of.2 1M1, as •-

can be seen from Fig. 241, ceases at a combustion-chamber pressure

"" , 86 ,
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of 1375 mm Hg, whereas the organometallic fuels burn stably up to

pressures of 1000 mm Hg (27]. This results in a substantial increase

".". in the high-altitude capabilities of ramjet engines. For example, if

with a hydrocarbon fuel stable combustion in the chamber of a ramjet

engine at a flight velocity of 2 M is maintained to an altitude of

21 km, the utilization of organometallic fuels increases the high-al-

S • titude performance of the engine under these conditions to 28 km. We

can see from Fig. 242 that the utilization of organometallic fuels .. ,:

* greatly increases the potentials of using ramjet engines (PVRD) in

. flights at velocities up to 2-3 M and at altitudes in excess of 10 km.

The organometallic fuels are most efficient at flight altitudes be-

tween 15-25 km.

In addition to the organometal-
2lic fuels, as can be seen from Fig.

-21- 241, borane fuels based on metallo-

SAhydrocarbon suspensions also enhance

1 .9 an improvement in combustion in ram-

£ ! Jet engines. Ilowcvcr, in terms of op-

0 erational properties, accessibility

for production, and in terms of cost,

"Fig. 242. Expansion of PVRD these fuels are significantly infer-
utilization limits through
the utilization of organo- ior to organometallic fuels. It
metallic fuels. I) organo-

" metallic fuel; II) hydro- should also be pointed out that in
carbon fuel. A) Flight al-
titude, Iam; B) flight speed, terms of completeness of combustion

under high-altitude conditions or-

ganometallic fuels are substantially superior to petroleum fuels.

: Therefore, these fuels are regarded as the most promising fuels of the

future, which can be used in ramjet engines (PVRD) in the near future.
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Chapter 24

FUELS FOR LIQUID ROCKET ENGINES

GENERAL INFORMATION

The radical difference between the rocket engine and all other

thermal engines, including the air-breathing Jets, consists in the

fact that it operates independently of the surrounding medium. This

is a highly significant and fundamentally new property in an engine.

To burn its combustible, it uses not the oxygen of the air, but a

special oxidizer stored aboard the aircraft, or uses as a fuel sub-

stances capable of liberating thermal energy and gaseous products as

a result of decomposition or other chemical reactions without the

participation-of an oxidizer. As a result, the rocket engine can

operate with the same success both at the surface of the Earth and

at high altitudes in a greatly rarefied atmosphere, as well as in air-

less space and even under water.

The term "fuel" in rocket engineering implies a combination of

a combustible and the oxidizer that reacts with it.

"The concept embraces substances that are capable of exothermic

dissociation or association in the engine with formation of gaseous

transformation products without participation of an oxidizer.

The first rocket engines worked on solld fuel - pressed gun-

powder. Powder-type rocket engines have been known since remote an-

tiquity. They operate on a simple principle and do so with utter de-.

"pendability. However, this powder has a low heat of combustion (700-

1000 kcal/kg). Moreover, due to the high rate at which the powder

...,. . ..790.-



burns and the small quantity that can be carried, the latter limited

by the dimensions of the combustion chamber, the operating time of

*. - ~ a powder-type rocket engine is very short (0.1 + 25 see); the thrust

developed by the engine is difficult to regulate. Solid-fuel. rocket

engines are normallyv ueed In cases where a one-shot engine of' rela-

tively low power and short operating time is required (booster en-

gines, engines for short-range rocket missiles, and so forth).

The appearance or liquid-fueled

rocket en~gines, the foundations for

whose development were laid by K.E.

Tsiolkovskiy [1], opened new pros-

pl:cts for the development of rocket

enginee.-ing. The heat of combustion

of liquid fuels is considerably higher

tnaan that of the powders (Table 182).

v Tais insures high outflow velocities

~. .~. of the combustion products, and,

co~nsequently, makes it possible to de-

v'elop large thrusts, high speeds and

altitudes, and long ranges for the

rockets. A liquid-fueled rocket en-

Konstaritin Eduardovirh gine can perform for a longer time
Tsiolkovociy (1857-19.35)

than a solid-fuel type. Moreover, the

use or a liquid propeallant makes -At possible to control the engine

relatively easily by regu.lat~ing the flow of propellants into the

* ~cornbuation chamiber, vary the thrust, and, consequently, control the

K.E. Tslolkovskiy made a detailed investigation of the heat -

efCts oi' the combu~stion reaction~s of various elemients and formu-
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TABLE 182
Heats of Combustion of Certain Liquid and Solid
Fuels (After K.E. Tsiolkovskiy)

PXI.

* l~nj~ne ?@nanIa Tnep~se TonJ~iua

5 Mass (ou•l• umx).'. 2394 12 nopox ,w-vwir za6.s.
720~-98O6-, ane (e menmnil) 2576 13 h .m epanosima no-

7 Beaoa ........ . 2289 pox. ..........
.8 C.zp? .iea A• 14 . 1 I 'rr, r.; epna 14758.: •nP atnesf • nihpao~an Mne0oa 750

9 CrmpT wwaofl. 2327 8 rpT'imyqan PTYTh . . . . 50
".10 3 .atp 2512 17 A fltllTpoGeHaO! c asoT-301 .. .. .. Hf nC.aoToA . . .. 1480
,1 Canz.ap ..... ... 2527 18. Amonsnnfi c a•a•MoA o.

Ce, 'MTpOf . 1480

1) Liquid propellants; 2) quant.ity of heat (in cal)
liberated on combustion of 1 g of stoichiometric
mixture with liquid oxygen; 3) solid propellants;
4) quantity of heat (in cal) liberated on combus-
tion of 1 g of the substance; 5) methane (lique-
"fied); 6) ethylene (liquefied); 7) benzene; 8)
methyl alcohol; 9) ethyl alcohol; 10) etner; 11)
turpentine; 12) black and smokeless powder; 13)
"nitroglycerine powder; 14) nitroglycerine- 15)
picric acid; 16) fulminate of mercury; 17 dini-
trobenzene with nitric acid; 18) aluminum with
ammonium nitrate; 19) below 1195.

lated the basic reqiirements for ZhRD fuels [2]. On the basis of his

research, he first proposed tha use of hydrocarbons, liquid hydro-

gen, liquid oxygen and, in later studies, oxides of nitrogen and

turpentine as fuel components for ZhRD [3]. Tsiolkovskiy was the

first to indicate the possibility of using atomic energy in ZhRD, es-

timated what the results of its mastery would be, and computed the

possible exhaust velocities and flight speeds of atomic-fueled

rockets [1].

From the day of publication of Tsiolkovskiy's first papers, in-

tensive research began developing both in Russia and abroad with the

objective of finding a practical solution to the problem of creating
792-

- 4 . . . * .



a liquid-fueled rocket engine. Toward the end of the nineteen-twenties

and the beginning of the 'thirties, the first liquid rocket-engine

"- designs made their appearance and the first flights were made with

ZhRD-powered flying devices. L

Our compatrlots V.P. Vetohinkin, Yu.V. Kondr9atyuk, O.E. Langemak,)

Yu.A.. Pobedonostsev, M.K. Tikhonravov, N.G. Chernyshev, F.A. Tsander

and others [4-ll] performed monumental theoretical and experimental

work toward the creation and investigation of ZhRD rockets and fuels

for them.

In 1930-1932, F.A. Tsander built and successfully tested two

ZhRD that operated on gasoline/gaseous air and gasoline/liquid oxy-

gen, respectively. F.A. Tsander and Yu.V. Kondratyuk devoted a great

deal of at-tention in their studies to the problems of using metals,

"which liberate considerably larger quantities of heat on combustion

i than ordinary combustibles, as fuels; among other things, they pro-

posed that metallic parts of the rocket that became unnecessary after

the fuel was burned up be burned in the engine as a secondary fuel

(70'

' [7, 8].

In 1928, Yu.V. Kondratyuk was the first to raise the question of

using lithium, boron and their hydrogen compounds and other metals

as combustibles, and that of ozone as an oxidizer [8].

In subsequent years, Soviet scientists made a large contribution

to the development of ZhRD. Here, they devoted particular attention

*• to the selection of energy sources suitable for use in ZhRD.

The theoretical foundations were worked out for efficient selec-

"tion of ZhRD fuels, a quality evaluation was given for the most

"probable propellants as regards their efficiency and the reliability

, K of the engine's operation. In 1930, it was first proposed that the

• - 793-
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oxidizer for the ZhRD might be nitric acid, nitrogen tetroxide, or

hydrogen peroxide, which subsequently became the most widely used in

- rocket engineering, or tetranitromethane or perchloric acid. On the

basis of theoretical and experimental study, they arrived at the

conclusion that of the substances investigated, the most valuable as

ZhRD combustibles would be the heavier but not excessively viscous

"petroleum and lignite-tar distillates, methyl and ethyl alcohols,

nitrobenzene, nitrotoluene and certain hydrocarbons.

It was also proposed that a boron-containing colloidal combusti-

ble with a high heat of combustion be burned in the engines, and the

inherent possibility of using electrical energy in ZhRD was also

demonstrated.

N.G. Chernyshev [6]. devoted much study to the properties of

rocket fuels and to development of methods for producing them under

industrial conditions, as well as the combustion processes of various

fuels in ZhRD chambers,

Among Western investigators, Eno-Pel'tri (France), Goddard (USA),

Oberth and Braun (Germany), Zenger (Austria) (12], and others made

* essential contributions to the development of rocket engineering.

During the Second World War, the Germans built the powerful

(for that time) A-4 (V-2) guided rocket, which had a ZhRD operating

on liquid oxygen and ethyl alcohol, a guided antiaircraft rocket and

a fighter-interceptor with ZhRD. At the present time, various more

highly perfected ZhRD types have been designed and built; these

operate on various fuels and develop thrusts ranging from slveral

tens of kilograms to hundreds of tons.

BRIEF REMARKS ON LIQUID-FUEL ROCKET ENGINES

The liquid-fueled rocket engine may have one chamber (single-

chamber ZhRD) or several chambers (multichamber ZhRD). A schematic
- 794
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dias.am of' the ZhRD may be found in Figs. 50 and 51 in Chapter 6

TABLE 183

Illustrative Values of' Maximum At-
tainable Flight Speeds of Aircraft
Equipped with Various Types of En-

'V gines [14]

1 ~anram~aMaucamanizo
CKOPOCTU nlone-,.

___________________________ Ta, NXI/MaD

* llapnueaue'...... .. .. ........ 600
*TypGonnnToDue . . ...... .. . 9N0

Typ6opea1nnBumxe. .. .. .. ........ 2000
H1p)MOro'Iwue BPA............86000g fopoxome~ paxomuuo jAiwrareanu 28000
XNAR~iOCTRhlO 50000

.9 TePMtoiuOPuUO s 100 000

4DOTOBU1ZO 300-10O

1 Engine type; 2) top speed, km/hour;
3 piston; 4)turboprop; 5) turbojet;
6ramjet; 7) solid-fuel rocket engines;

8) liquid-fuel rocket engines; 9) ther-
mal nuclear rocket engines; 10) elec-
tron rocket engines; 11) photon rocket
engines.

TABLE 184
Specific Fuel Consumption in Various Engines (161

2ila ypouuo mopai C.5H DUOe 6100 .a'
Amaeu3 

4y ebumui1 una~abCtOPOOT~b PaCXOzA rOU- CI4OPOC~h PacIOA TO!-
K~40 t/anua, a114 niua,

98 I111eop ut auIb~ ull~a. irma6e~ 480 015660 0,71
9lit'Pi..............18 t718Tj10 18.75

1) Engine; 2) at sea level; 3) speed, km/hour; 4)-
specifIc fuel consumption, kg/kg-hour;' 5) at 6100
meters; 6) speed, km/hour; 7) specific fuel con-
sumption, kg/kg-hour; 8) reciprocating aviation
engine; 9) TRD; 10) ZhRD.

Liquid-fuel rocket engines have been accorded extensive use by

virtue of' the following special properties and advantages that they

possess over other types of engines.

1. The high powers developed by ZhRD, which run to tens of'

* millions of horsepower with a small over-all weight of the engine [13].
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Such high. powers,'are.not within the capability of any other engine

S:In-a VRD)'.the",oxygen: of the air used.to'-burn'the'combustibleis

diluted'to a.considerable degree by nitrogen - a ballast element that

does not. participate in combustion. The oxygen content in liquid oxi-

dizers is considerably higher than that in air, reaching 75-100% of

the weight of the oxidizer. As a result, the concentrcýion of chemi-

cal energy per unit weight of ZhRD fuel (combustible + oxidizer) is

many times larger than in the case of Jet fuels. When a ZhRD fuel is

burned, a very large quantity of heat is liberated and high tempera-

tures and high combustion-product outflow speeds are attained; this

ensures that the engine will deliver high powers.

As a result of the high power, the ZhRD gives the aircraft an

extremely high flight speed (Table 183).

2. Design simplicity and low specific weight of the engine, i.e.,

the weight per 1 kg of thrust. Due to the high thermal stressing,

the ZhRD has considerably smaller dimensions and lower weight than

other engine types developing the same thrust; this makes its accommo-

dation aboard the aircraft easier.

"The specific weights of contemporary ZhRD vary in the range from

0.01 to 0.05 kg/kg of thrust. Thus, for example, in the American

"Viking" rocket, it is 0.01, for the "Redstone" it is 0.02, while

for the SEPR aircraft ZhRD it is 0.05 kg/kg of thrust [15].

"3. The lack of any influence exerted by the environment on en-

gine performance makes it possible for the ZhRD to operate at all

altitudes, in airless space and under water.

"4. Independence of the ZhRD's thrust of the speed of the flying

craft. With increasing altitude, the ZhRD's thrust not only does not

.'..fall off, as, for example, it does in VRD, but, on the contrary, in-5::::
796 -

A.- _sL-



creases due to the drop in external pressure.

Higher specific fuel consumption is a distinctive characteristic

of the ZhRD. In a ZhRD, the liquid oxidizer is part of the fuel, so

that the consumption of fuel per unit of thrust is many times larger

in a ZhRD than in reciprocating and turbojet engines (Table 184).

A deficiency of the ZhRD is its short operating time - from 2..5

sec to 2 hours [131. The high temperature (3000-40000), pressure

(up to 100 atmospheres) and thermal stressing of-the combustion

chamber (10 to 100 times that prevailing in the VRD), as well as the

complexity of providing effective cooling for it are all reasons why

the service life of a ZhRD combustion chamber is considerably shorter

than that of a VRD.

Also to be included among the shortcomings of the ZhRD are the.

short operating time of the engine as a result 01 the high specific

:. fuel consumption.

The above peculiarities of the ZhRD are what determine the range

of its expedient application. ZhRD are used where it is necessary to

develop high speeds and large thrusts with minimal engine weight.

ZhRD are used as booster powerplants to assist aircraft in

taking off, to increase the thrust of sustainer engines briefly in

order to reduce climbing time or increase the speed of horizontal

flight, as well as in special powerplants.

Rockets with ZhRD are coming into increasingly widespread use

"for peaceful purposes - for research in the upper layers of the at-.

mosphere and interplanetary space.

The Soviet Union has racked up great successes in the development

*3 of rocket engineering. On 4 October 1957, in the Soviet Union, a

- •. powerful multistage ballistic rocket was used in the successful

".launching of' the first artficial Earth satellite in history. Launch-

-. - 797-
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Ing of a second and then a third satellite followed in rapid succes-

"sion. In January 1959, the first Soviet cosmic rocket was launched

.:, toward the Moon and becaii:o an artificial planet. In September of t7:.

1959, a Soviet cosmic rocket was the first in history to reach the.

surface of the Moon, and in October of the same year an automatic

interplanetary station was placed on trajectory for a flight around

the Moon. Subsequently, thr,e powerful satellite-spacecraft were

launched into orbit around the Earth and the problem of safe return

of satellites to the Earth was successfully solved for the first

time. Finally, on.12 April 1961, the Soviet citizen Major Yu.A.

Gagarin became the first man in history to complete a cosmic flight.

The USSR took a firm grip on the leading position in the world in the

field of rocket building.

REQUIREMENTS IMPOSED ON ZhRD FUELS

Selection of the fuel is an extremely important stage in the

process of designing a ZhRD. The efficiency with which the ZhRD per-

forms and the speed, range and altitude of the rockets depend in

many respects on the fuel employed. The history of ZhRD development

is, to a considerable degree, the history of searches for and tests of

liquid materials suitable for combustion in the engine's chamber that

will ensure its efficient operation. A large number of chemical sub-

stances was studied. However, in view of the special requirements

made as regards the quality of the fuels, only a relatively small

number of them have been used in practical rocket engines.

The specifications for ZhRD fuels are determined on the basis

of the need to guarantee economioal engine operation, easy starting,

stable combustion of the fuel, effective cooling of the combustion

chamber, trouble-free operation of the fuel-feed system, operational

4.1rliability under various conditions, and convenience and safety I" '

- 798-
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handling the fuels during storage and shipping.

Engine Economy

Z., .In terms of insuring the highest possible operating economy of

the engine, the effectiveness of a fuel is normally evaluated by the

effective outflow speed of its combustion produots. Aooordlng to the

theory of Jet propulsion, the thrust of a rocket engine may be ex-

pressed by the equation

R ran, (1)

"where R is the reaction thrust of the engine in kg, m is the mass of

fuel burned in the engine in 1 sec or the mass of the gaseous combus-

tion products of the fuel that flow out through the engine nozzle in

2
"1 sec, in kg'sec /m, and u is the outflow speed of the combustion

products in m/sec.

Expressing the mass m in terms of weight, Equation (1) may be

presented in the following form:

=(2)

where G is the per-second fuel consumption in kg and g is the accel-
eration of gravity in m/sec 2.

The higher the per-second consumption (of mass) of the fuel

burned in the engine and the higher the outflow speed of the combus-

tion products of the fuel, the greater will be the reaction thrust

developed by the engine. Consequently, obtaining a high reaction

thrust requires selection of fuels that have high combustion rates

in the engine and enable us to obtain the highest possible combus-

tion-product exhaust velocity.

The outflow speed of gaseous combustion products from a ZhRD

nozzle may also be determined with the aid of the following mathe-

matical relationships:
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i/ K

or

_ _ _ _ _ _ _ ..o.um~~g'K jRT. 4

where P is the gas pressure in the combustion chamber, V is the

volume of the gases liberated on combustion of 1 kg of fuel (under

standard conditions) or the specific volume of the gases, T is the

% combustion temperature of the fuel, R is the gas constant of the com-

bustion products, which depends on the composition of the gases, K =

=Cp/CV is the adiabatic exponent, which depends on the composition

of the combustion products and the temperature of' the gases, and

is the thermal efficiency of the engine or the fraction of the

fuel's heat energy that is converted into mechanical energy.

The primary conclusion to be drawn from Equations (3) and (4) is

* that the exhaust velocity of the combustion products increases with

-' increasing specific volume of the gases (gas evolution) and the com-

bustion temperature of the fuel, and depends on the gas constant R.

.: The combustion temperature of the gases is generally determined

by the heat of combustion of the fuel, and the gas con'stant by the

*,: composition of the combustion products, since
•.'..

848 5

.. -'..,.

* where g is the apparent molecular weight of the fuel's combustion

products.

The gas constant R characterizes the work capacity of the gas

and increases as its molecular weight diminishes. Consequently, to

"obtain a high outflow velocity of the combustion-product gases, the

i'uels must have the lowest possibae molecular weight.

The concept of "specific thrust" (Kud), i.e., the thrust of the
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engine referred to the unit per-second fuel consumption, is normally

used to characterize a fuel. The specific-thrust value may be com-

puted with the aid of the following equations, which were derived by

V.P. Glushko [5] assuming thatý the heat energy of the fuel is con-*

verted into kinetic energy of the combustion produots.

RU= 9,33 V•iH 'kg- sec/kg; "' ""
R-=9,33 e kg-sec/liter,

where H - the heat of combustion of the fuel - is the quantity of

heat liberated on complete combustion of 1 kg of fuel less the heats

of condensation of the substances, in kcal/kg, p is the density of -*

the fuel in kg/liter and nt is the thermal efficiency of the engine.

The higher the heat of combustion and density of the fuel, the

higher will be the engine's specific thrust. And in turn, the higher

the engine's specific thrust, the lower will be the fuel consumption

per 1 kg of thrust for a given absolute thrust and, consequently, the

longer will be the range of the apparatus for a given fuel supply in

"the tanks.

We note here that for ordinary combustibles, with which atmos-

pheric oxygen is used as the oxidizer, the heat of- combustion is

conventionally referred only to the weight of the combustlble itself•.

In ZhRD, the combustible and oxidizer are accommodated in tanks

aboard the rocket craft, so that the heat of combustion of rocket

f uels is referred to the weight of the entire fuel; combustible +

"+ oxidizer. Here, the proportions of combustible and oxidizer are

assumed to be stoichiometric.

"Figure 244 shows how the specific thrust of an engine varies as

"a function of the heat of combustion of the fuel for fuels of differ-

ent densities. It will be seen from Fig. 244 that a given specific-

thrust value may be obtained either by using a fuel of low density

801-



(0.5 kg/liter) and a high heat of combustion (4000 kcal/kg) or by

using a fuel with a lower heat of combustion (2000 kcal/kg) but a

high density (1.0 kg/liter).

1 This type of relationship between the

400 - heat of combustion and the density of a

wCoCo fuel becomes understandable if we remember

that the specific thrust of the engine de-

pends on the quantity of combustion pro-
1000- -

: ducts formed on combustion of a unit amount

100 200 300 4 of fuel and on their temperature.

"2 oo~/"'• For a given heat of combustion, the

Fig. 244. Variation of quantity of products formed increases as
*2 specific thrust Rud ofZhRD as a function of the density of the fuel rises. A conse-

heat of combustion Hi-andtdensty pfombton fl quence of an increase in heat of combus-"9 ~and density p of fuel.""°
:i:: 1) H, kcal/ký 2) P,:

"-)"Ikkcal/ter-s 2)., tion is an increase in the temperature of
kg/liter-sec..

the combustion products. In either case, ,

we observe an increase in the engine's rpecific thrust.
N:,'_

It should be noted, however, that the range of a rocket depends

on the manner in which the engine's specific thrust iL increased. If

the engine's specific thrust is increased by .Ilsing the heat of com-

bustion, the range of the rocket will Increase in p:'oportion to the

fuel's heat of combustion. If the englne's speciric thrust is In-

creased by raising the density of the fuel, the total weight of the

rocket will increase, and this will alu:orb an additional amount of

the specific-thrust gain achieved, Consequently, Increasing the

.tango of the rocket by s given amount requires a latively larger,

increase in fuel density rather ths a In Its heat of combustion.

A* will be recalled from therriiodynamics, the thermal ersiclency

of the engine ( depends on the adiabatic exponent K, the rati.,
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which is determined by the composition of the fuel's combus-

tion products. As we pass from monatomic to polyatomic gases, Pt di-

minishes (Table 185).

To achieve a high specific thrust, the fuel's combustion products

* must be stable again3t thermal diesooiation. Dissoolation of the

combustion products is accompanied by absorption of energy, and this

reduces the amount of heat evolved in the ZhRD's combustion chamber.

The extent to 'which the combustion products dissociate increases

with increasing temperature. Consequently, it is desirable to have

• the lowest possible temperature in the combustion chamber in order to

reduce the heat-energy losses due to dissociation of the combustion

" products.

For a given fuel heat of combustion, the combustion temperature

* and, consequently, the degree of dissociation of the combustion

products will be the smaller the larger their unit-weight heat

capacity. A reduction in the combustion-product molecular weight re-

sults in an increase in their heat capacity and, conbequently, in a

drop in the fuells combustion temperature.

TABLE 185

Thermal E,. iciency of Rocket Engine as a Func-
tion of Composition of Fluel Combustion Products

lkaavo. xvow ~*tom a~ I ue"._____ ____

2" 0 N"Q OKm 50oI
M4 pmu 23~ 30 t43

• CO; N, 14Ai OAt 0, !,-
4 U " 1.111 ,46 0 1 0

1) Njea of atom In molecule ot gas 2) chum-
*Ica! Comtula of~ comb 43 A.on products; 3) ri at

combustion-channber pressure In atm.ospheres.

The degree of cozbustion-product dissociatioan depends on the
.• • 80,



number of atoms in. the gas molecule. Molecules with smaller numbers Vf

atoms are more stable against thermal dissociation than molecules-

with large numbers of atoms.

The effective efficiency (e) of the engine, which is character-

ized by the ratio of the quantity of heat converted into kinetic

energy to the total amount of heat expended, influences specific

thrust. The effective efficiency of an engine depends on the complete-

ness with which the fuel is burned. The higher the completeness of

fuel combustion, the more heat will be converted into kinetic energy,

i.e., the higher will be the engine's effective efficiency.

For a given set of design parameters, the completeness with

which the fuel is burned and, consequently, the effective efficiency

of the engine depend to a considerable degree on fuel quality and

primarily on such physicochemical properties as the concentration

range of, ignition, the ignition lag, the normal rate of flame propa-

gation and vaporizability.

Evaporating and mixing in the ZhRD, the atomized combustible

and oxidizer form zones of widely varying composition - from very

rich to very lean mixtures. The wider the concentration range of ig-

nition exhibited by the fuel, the greater will be the number of com-

bustion foe. that appear and the higher will be the mass rate of

combustion, the per-second fuel consumption and the Completeness of

fuel combustion.

In the engine's chamber, the fuel does not ignite instantaneously

after sparking or after hypergolic components have been brought into

contact, but only after a certain interval of time has elapsed the

ignition lag.

The ignition lag influences the completeness of a fuel's com-

.uition. With a long ignition lag, the fuel modules travel greater
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K II
distances in the combustion chamber before they burn. When this

V. :happens, the time available for combustion of the fuel is reduced ac-

cordingly and the amount of fuel burned after leaving the nozzle will

increase.

Substances of various types that frequently differ oonsiderably

as regards normal rate of flame propagation may be used as combusti-

bles and oxidizers for ZhRD.

The higher the normal velocity of flame propagation, all other

conditions the same,' the more complete will be combustion of the

fuel in the engine. Finally, completeness of combustion depends on

the vaporizability of the fuel components - the combustible and the

"* oxidizer.

Vaporization of the fuel is a necessary condition for its com-

bustion. Before igniting, the fuel must be vaporized and mixed with

an oxidizer. Consequently, if the vaporizability of the fuel or of

one of its components lies below a certain limit, the completeness of

KK, '.' fuel combustion will be reduced.

'C' The evaporation rate of the fuel components in the engine depends

not only on their physical properties, but also on the fineness with ,_

which they are atomized. As the droplet diameter diminishes, the rate

of vaporization rises. The fineness of atomization is, in turn, the

Sgreater the smaller the surface tension of the combustible and the

oxidizer.

Conseqiuently, to ensure economical operation of a ZhRD, the fuel

. must be characterized by the highest possible heat of combustion and -J

density, wide concentration ranges of ignition, a minimal ignition

• .. lag, a high. normal flame-propagation velocity, low surface tension

and a rather high vaporization rate of Its components. The gaseous -

combustio= products of the fuel must have the lowest possible molecu-
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lar weight.

Starting the Engine

The operating dependability of an -ezgine depends in many respects •, •

on how it is started. At the instant of starting, the fuel is ignited

after an interval of time equal to the ignition lag. During this

time, an explosive mixture, instantaneous ignition of which results in

an explosion, accumulates in the combustion chamber. The force of the

explosion depends on the quantity of fuel that has entered the com-

bustion chamber by the time of ignition. With long ignition lags, so

much fuel may accumulate in the combustion chamber that its ignition

would result in damage to the engine.

The smaller the amount of fuel that has entered the chamber

prior to ignition, the more smoothly will the engine start.

"The quantity 0 of fuel that has entered the combustion chamber by

"the time of ignition depends, on the one hand, on the fuel-feed rate

Q and, on the other hand, on the ignition lag r:

"It follows from this that the fuel-flow rate should be smaller

than its maximum and the ignition lag should be as short as possible

when the engine is started. To a certain de.tree, the ignition lag

"characterizes the starting properties of the fuel.

..The ignition lag depends on mixture composition. At the time of

starting, many zones with rich and lean combustible-and-oxidizer mix-

ture form in the combustion chamber. Consequently, one of the require-

ments set forth for a .ZhRD fuel is constancy of the fuel's ignition

"l e& with respect to mixture oomosition with a relatively 'low abso-

lute magnitude of'!s value.

The eaue of ifiýnition of a fuel depends to a considerable degree

on Uhe conetXrato,-ranges and ignition temperattire of the fuels. Tc .
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wider the concentration range of ignition of a fuel, the easier will

it be to start the engine. In this case, a large number of zones in

'which the combustible-toýtoxidizer ratio is.within the ignition range

will form in the combustion chamber. .

It is also obvious that the ease and dependability of starting

"will be the greater the lower the fuel's ignition temperature. The

latter depends on the vaporizability of the fuel.

Consequently, to ensure dependable starting of~ a ZhRD it is

necessary that the fuel be characterized by the shortest possible ig-.

nition lag, wide concentration ranges of ignition, and rather good

vaporizability, the latter guaranteeing formation-of -the necessary

concentration of combustible and oxidizer vapors in the cold engine

at the time of starting.

Stability of Combustion of Fuel in ZhRD

One of the requirements set forth for ZhRD is that it guarantee

a constant thrust for a given fuel-flow rate. This requirement is

never satisfied in practice. There are always pressure fluctuations

at . ta 5000 cyýel e-It the.. en 1.ne s on-

bustion chamber, and these sometimes become aperiodic.. The pulsations

of engine thrust that arise as a result may lead to damage to compo-

nents of the vehicle and even to the engine itself.

Such pressure oscillations are related to the fuel's ignition

lag. With an adequate pressure prevailing in the fuel-feed line,

variations in the combustion-chamber pressure result in corresponding

- variations in the quantity of fuel fed. Taiius, when the combustion-

chamber pressure rises, the fuel-feed rate diminishes. In tur'n, the

drop in !'.el-.eed rate reduces the combustior•-chamber pressure; how-

.- ever, this response does not take place instantaneously in tie engine,

but only after a certain interval of time has elapsed, and this time

"-807-
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depends on the ignition lag. During this time, the pressure continueb

'at its elevated level and the fuel-feed rate is subnormal. Then the

process is repeated in reverse order. Due to the depressed pressure .57%

in the combustion chamber, the fuel-feed rate rises and this raises

the pressure in the combustion chamber. In this case, the pressure,

which has again been raised as a result of the fuel's ignition lag,

-is maintained in the combustion chamber longer than is required to

equalize the pressure and the fluctuations do not die out. Obviously,

the shorter the ignition lag of the fuel, the higher will be combus-

tion stability, the lower will be the amplitude of the oscillations,

and the more dependably will the engine perform.

Stable combustion of fuel in a ZhRD depends not only on the

. fuel's ignition lag, but also on the engine's design end operating

parameters. Research has shown that to ensure stable operation it is

necessary to:

a) increase the pressure difference between tank and chamber;

b) increase the combnustion-chamber volume and the length of the

pipelines;

c) reduce the cross section of the pipelines or increase the

mass flow rate in them [17].

Obviously, in addition to the design parameters, the quality of

the fuel ana such indices as viscosity and density in particular may

influence the pressure difference between the tank and the chamber

* .and the mass flow rate in the fuel lines.

Under the operating conditions of ZhRD, the temperature of the

fuel in the tanks may vary over a wide range - from -50 to +50° and

more - as a function of ambient temperature. The viscosity and density

of the fuel will vary accordingly. The higher the temperature of the

...- , the lower will be its viscosity and the hydraulic resistance
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in the fuel line; this will be reflected in a drop in the pressure

difference between the tank and the chamber.

j.;7 Simultaneously with an increase in the temperature of the fuel,

the density of the components diminishes and the mass flow rate in

the pipelines drops aocordingly. Consequently, reducing visooaity and

density contributes to lowering the stability of combustion.

However, these quality indices of the fuel have less, influence

on the operating stability of a ZhRD than does the ignition lag. Con-

sequently, the fuel must be characterized primarily by a minimal ig-

nition lag if stability of combustion in a ZhRD is to be ensured.

Cooling of ZhRD Combustion Chambers

The ZhRD is an apparatus operating under very high thermal stress.

A large quantity of fuel is burned in its relatively small volume in

a very short time.

Reliable operation of a ZhRD requires sufficiently effective

cooling of the engine's combustion chamber and nozzle. The quantity

of heat that passes through the cooled walls of the nozzle may reach
,•'".6 2_h u

very high values (over 5"10 kcal/m-hour). Here, the difference be-
2.-0

tween the temperatures on either side of the wall may reach 500-600.

ZhRD are cooled either by pumping combustible or oxidizer through

a coolant Jacket on their way to the engine's nozzles (regenerative

cooling) or by forming a thin film of combustible or oxidizer on the

inner surface of the combustion chamber and nozzle, so that, on

evaporation, it will protect the walls by reducing the quantity of

heat supplied to them by the combustion products (film cooling).

Sometimes combined cooling is employed: regenerative + film.

Additional requirements are imposed on fuel components if they

are to be used as coolants. Foremost among these are adequate thermal

stability.
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S* The effectiveness of regenerativye cooling depends on the boiling

2:: point and heat capacity of .,the coolant. The higher these indices, the

greater the amount of heat that 1 kg of coolant can absorb and the

more effective the cooling. The effectiveness of film cooling o0' an

engine depends on the heat of vaporization of the coolant, in addi-

tion to the indices enumerated above. Obviously, the higher the heat

of vaporization of the coolant, the more effectively will it cool

the engine%

"Consequently, the components of fuels (or at least one of them)

must be characterized by a high boiling point and high values of

heat capacity and latent heat of vaporization.

Moreover, the fuel's components must have low saturation vapor

pressures and not corrode the metal of the engine's liner at elevated

temperatures.

Fuel Feed into ZhRD Combustion Chamber

A necestsary condition for dependable operation of a ZhRD is

utterly dependable fuel supply to the combustion chamber. Causes of

fuel-supply trouble in the liquid rocket engine that depend on fuel

quality may be a high pour point of the fuel components, high vapor

"pressure, which creates a danger of vapor-lock formation, and in-

adequate chemical stability.

Formation of tarry substances and deposits that interfere with

normal operation of the ZhRD may be among the consequences of inade-

quate chemical stability in certain types of combustibles. The speci-

"fications for chemical stability of the combustible become more

rigid If It Is used an a coolant. At elevated combustible tempera-

tures, in the coolant Jacket, tarry substances may form and settle to

cause local deterioration of heat dissipation and, possibly, burn-

* tht'onh of the combustion chamber.
" -ote s n .'"-. 2- %O.-
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Moreover, the use of a chemically unstable combustible sometimes
causes formation of scale on the fuel nozzles and in the combustion

chamber; this is detrimental to atomization, interferes with combus-

tion, and may even lead to burnout of the combustio4 chamber. K

Other Specifications Set Forth for Fuels

The components of a fuel - combustible and oxidizer - may be

stored for long periods, pumped and shipped before they arrive at the

engine's combustion chamber.

During this time, such factors as temperature, contact with S

oxygen and moist air and various metals, intensive agitation during

transfers, etc., act upon the combustible and oxidizer. The com-

bustible and oxidizer may undergo no changes in their physicochemical

indices under these conditions.

"The requirement of high physical stability imposed upon the

combustible and oxidizer is dictated by the effort to use substances

that do not admit of large evaporation losses during storage and

shipping. The combustible and oxidizer must exhibit chemical sta-

bility adequate to exclude the possibility of slow or explosive de-

composition during storage and transportation. The use of certain

rather unstable, easily decomposed substances as fuel for ZhRD or

fuel components makes it more difficult to use them.

In addition to adequately high physical and chemical stability,

it is desirable that the components of a ZhRD fuel be safe to handle

and not represent a fire or toxicity hazard and be available on an

V industrial scale.

At the present time, there are no fuels that fully satisfy all

of the specifications set forth for them. In practice, it is neces-

sary to select for use fuels that will give the best results for a

"* given aet of ZhRD working conditions. ,.
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K. 12 CLASSIFICATION OF FUELS FOR ROCKET ENGINES

Fuels for rocket engines may be classified on the basis of various

criteria. On the basis of physical state, they are classified as

"liquid and solid fuels (powders).

Liquid fuels are subdivided into two classes in accordance with

the method in which they are used: the bipropellant and monopropellant

types (Fig. 245). Here the term "propellant" applies to each of the

substances fed separately into the ZhRD combustion chamber.

6 I7

TonnnuDa pa,,eunhz Arnraraes V -CM I

I 5l

I i-.< 01i,
7-'- xoo~~e'm I-". Q.oa.e .,,, bw,,.,

Fig., 245 C.lasfcto of" ful fo oce
Tcnawua bioaeiy• Caeca r•popero u CauObIocnaa- HecIM•ocnaaI.

•.. engines. i) Rocket-engine fuels; 2) solid
I" fuels; 3) liquid fuels; 4) m~onopropellant
.,:--<fuels; 5) bipropellant fuels; 6) molecular-composition fuels; 7) mixtures of combustible

_and oxidizer; 8) hpergolic fuels; 9) nonfhy-
0pergolic fuels; 10)combustible; 11) oxidizer.

As the name indicates, bspropellant fuels consist of two pro-

pellant u - the combustible and the oxidizer - that ale ;ed 4epapatelt

" into the engine's chamber. These propellants are mixed In the ZhRD's

combustion chamber. Such fuels )re also known as separately-fed fuelr.

AsteMonopropellant fuels are those thct require no extenally -
81 -
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-4 •plied oxidizer for combustion. The use of monopropellant fuels makes

it possible to simplify the engine's fuel system considerably. However,

* their use is as yet limited by the explosion hazards that they create

and their relatively low heats of combustion.

-I Bipropellant fuels are most widely used.

Separate storage of the combustible and oxidizer in different

tanks greatly reduces the explosion hazard and ameliorates the con-

ditions of use, storage and shipping oV the fuel. Moreover, the use

of bipropellant fuels expands considerably the possibilities for

selecting substances suitable for use as the combustible and oxidizer

and thus enables us to create the most effective fuel mixtures.

Bipropellant fuels may be broken down into two groups on the

basis of the method of ignition in the engine: hypergolic and nonhy-

"pergolic fuels.

On contact between certain combustibles and oxidizers at normal

temperature, a chemical reaction takes place with evolution of a

quantity of heat adequate to ignite the fuel mixture. Such fuels

have come to be known as hypergolic.

The second group of fuels includes those whose liquid components

(combustible and oxidizer) do not ignite on contact and require an

extraneous source of heat for their ignition. Engines that operate on

such fuels must be equipped with devices to fire the fuel mixture.

"The advantages of forced-ignition fuels include a considerable

reduction of the fire hazard. If the combustible and oxidizer are

-[accidentally) poured together, their contact does not result in a

.4 conflagration in the absence of an ignition source.

A very large number of combinations of different substances may
.o

be used as forced-ignition bipropellant fuels. V

: :.i 0W- 9he basis of their principal functions, ZhRD fuels are classed

-81 3-
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"as sustaining, starting and auxiliary.

The sustaining fuels are the fuels used directly to operate the

engine as the basic energy source and working fluid.

The starting fuels are fuels used for ignition of nonhypergolic

"isuscalner f Il3 in cne ccunn wchamcer ,aez. :• engine iL scarred.

The auxiliary fuels include fuels used to feed the ZhRD's auxil-

iary equipment (turbopump set, liquid pressure accumulator of system

feeding sustainer fuel, and so forth).
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Chapter 25

COMBUSTIBLES FOR LIQUID ROCKET MOTORS

Various compounds and mixtures may be used as combustibles for

ZhRD. A combustible is preferably evaluated according to its heat

of combustion with a given type of oxidizer, the ignition time lag,,

the concentration limits for ignition and other indices that charac-

'. terize its energy and operating properties.

"* Exactly the same combustible may form a hypergolic combination

with one oxidizer and a nonhypergolic with another.

"- We may classify combustibles for ZhRD into the following groups

*i- according to chemical coaposition:

hydrocarbons and their mixtures (gasoline, ligroin, kerosene);

alcohols (methyl, ethyl, furfuryl, etc.);

I amines ( aniline, trlethylamine, xylidine, etc., and their

mixtures);

,, ".hydrazine and its derivat.ves (hydrazino hydrate, dimethylhydla-

Lnetc. ).

In addition, liquid ammonia, liquid hydrogen, various metals

* and their compounds, and other, substances can be used as combustibles.

Thelic ba3ic physical and chemical a0cteristics of certain co.-

pounds linding application as ZhRD combustibleu are shown In Table

lS6 (2].

CA1 WN00103USTIMMLE

*I .ydrocarbon combustibles obtained from petroleum =a th- cheap-

i""t of' all known combustibles, and are supplied by the broad• •- ...
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material base. Naturally, this has drawn the attention of researchers
to this type of combustible' even before the period in which rocket ,'',4

technology developed. The first fuel mixtures employed in ZhRD were -.

o)xygen-gasoline mixtures [711.

A high heat or combustion characterizes hydrocarbon combustibles.

This positive property of' hydrocarbons was an obstacle to their

* * - practical utilization in the early period of ZhRD development. Owing 2'

-. to the high heat of combustion of hydrocarbons very high temperatures

appear in the combustion chamber; this complicates the selection of'

"structural materIals that will resist such temperatures.

For this reason, it is especially difficult to burn hydrocarbons.

* with liquid oxygen. It is a very complicated matter to cool an engine- . ,-

With a hydrocarbon combustible, since the proportion of combustible

in the fuel mixture is relatively small (20%), while the heat ca-

pacity of the hydrocarbons is also small (-0.45 kcal/kg). Lquid

oxygen is little suited to cooling an engine owing to its low boiling

point."-

Engine deinz- presently exist that makWe it possible to use hy-

drocarbon combustibles with either liquid oxygen or with oxidizers
based upon nitric acid tnd hydrogen per•oxde (8, 13]. Te ZhRD in ,

many lauge ballistic ockaets of the United States operate with thydro-.

- carbon co=-bustiblo4.

Te various hydr arbonj containmd In petrol;:um pI-4utcts aiffoe '

little amongs thheatve n.4o couruutin (able 187 )g-

$~~~ r nttc'n 1ag (Pic4' 2,46); t~he chi:1ce oi*obcii yroabn~~c~.

tion is3 UU normally utade so aý" to Z atitY requt roants for other,-'

Azs a UCaviation. kc'rsoene, crnacl..wi ker~ofu, gu'cflwn,,

*'.. and c7r=b,.' -- ;. pod. t • zUxrptg tros S - tnisln. of roleuz, coal,



TABLE 186

Basic Physical-Chemical Properties of some ZhRD Combustibles
i2 ] ~ n~tomocmb 7 ,~-

0.7Mon.my •Tehnepa- -te~nopa- D MHA|€Ox BilaxoeTh, '"

I~ roptoee 2 XrMmioc1aeaR 3 RoRUiJ Tlypa H e11- Typa OaMe.- COCT0OM B itoc .n m
i ome op~ynaa ne Tpxu- ~#p~yna Bee lna, °C aauan, *G 6 t,,o O~T11

8 26co27 0,-,4
Beu3nH ......... . . . .H. ,IH15 26100,0 40-180 im _-60 '0,69--0,74 0,26

,• 9 2E•cpo;u•2) ((pPOiURi) 27 (930)

.epociff .7.1. ....... 0Co 7 H ~ 26150,0 t50-315 Hu.mo -50 0,79-0,84 1,5-2,0
" 1 0 26 (cpeAnnn) (CpeZAuin) (200),

AtZOTnite- (m uAcfi) ....... CH' 26,04 83.6 -81,5 0,613
11 Tonyoe ...... . ...... .. C Ii, 92,13 110,6 -95,0 0.867 0,59 (20-)
12 1130OO1Ta. ...... ........... C811, 1t.1,22 99,2 -107,4 0,692 0,50
- 1 MeTzInonDMA cnIp . . . . .. CH,OH1 32,03 64,6 ---94,9 0,781 0,55
1 3THJIOIJhfi cOURp. ..... ... . C,H1OH 46,07 78,3 -114,0 0,789 1,20
-i, Oyp~ypnJHoDxAobi CnnNpT . C413 OI,OItO 08.10 171,0 -- 32 1,128 8,10 (10)
-I Anji hn it ....... C, I 1N}11  83,02 184,4 -6,2 1,020 6,60 (10)
1/ •Tzu~aMtiR ........... . . (CsH,)NH 73,14 56 -50 0,700 -

1-Tpx11TIn• aMd11 ...... ......... (C,11&)3N 101,07 90,0 -115 0,728
19 l{cwxniuR ...... .. ...... (CH3)jC.tHNHt 121,19 216,0 -54 0,798

(728
20 PT. OT.)

1"'ntpa3n .......... . . ..... .,NXH, = 32,05 113,5 2 1,010 1,00 (270)
2 r•umpap3nWaT.. .... NIH HO 50,06 118,0 -52,0 1,030 -
.- , knumenIJrnAIpaamt ........ (CIý13 1NH$ 62,12 63 -58 0,830 0,51 (253)
2 3 AmmxaK (tIAH01i) ....... N1 17,03 -33,4 -77,7 0,817 * 0,27 (600)
S • u I~uu ~yiinoni.AY cnUpIf . ... C HsCo1'Ot 98,10 171,0 -32,0 1,128 8,100(00)
25 BoAopoA tw•uAiAw:) .2.... . 202 -253 -259 0,0700 0,02.•. (-250")

.*Density at boiling point.

1) Combustible; 2) chemical fopmula- 3) molecular weight; 4) ^oiling
point, C; 5) freezing point, C; 6) density as a l quid, p . 7 )
viscosity centipoises' 8) gasoline; 9) kerosene; 0) acetylene (li-
quid); 11 toluene; 12) isooctane; 13) methyl alcohol; 14) ethyl al-
"cohol; 15) furfuryl alcohol; 16) aniline; 17) ethylamine; 18) triethyl-
amine; 19) xylidine; 20) hydrazine; 21) hydrazine hydrate; 22) dim-
ethylhydrazine; 23) ammonia (liquid); 24) vinylbutanol [sic; formula
and characteristics are the same as those listed for furfuryl alcohol];
25) hydrogen (liquid); 26) average; 27) belnw; 28) mm Hg.

-d Ii'haies. Preference is most frequently given to the kerosenes,

which have greater density than the gasolines, and which are nearly

as good with respect to other characteristics (Fig. 247). Kerosenes,

, which boil at hig~her temperatures, may be used to cool the engine.

- In the ZhRD for the American Nike and Atlas rockets, standard

eJ.-4 aviation fuel is used as -the combustiblo (this is a mixture or

'li.Lne and kerosene fractions [11 - 121).

.n recent years, grade RP-4 kerosene has been lntroduced opekAa'2,:

,'.ic United States for ZhRD (specification iil-R-25576); it ha3 a

-M818
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TABLE -87
Heat of Combustion for Various Classes of
Hydrocarbons in Stoichiometric Mixture with
Liquid Oxygen

1 Yrneno~opoj• 2 Te oAUTa cropmua,-

Hrapa o11m fe .2... 2250-22804 0ne¢,Fno.,, 2250-2400.
5 laýTenonRue ....... 2250-2290

ApoMamo'uecIe ...... 2280-2300

1) Hydrocarbons; 2) heat of combustion, kcal//kg; 3) paraffin; 4) olefins; 5) naphthenes;.
6) aromatics. I

vexry low content of aromatic and unsaturated hydrocarbons, and boils

in the 195 - 275 range. It is used with nitric acid or with liquid

oxygen in the engines of the Tior rocket, and in the first stages of

the Vanguard and Saturn rockets [3, 12].J

O - ______ " . When kerosene Is used to

______�� ccol an engine chamber whose

" 5. 5• $wall4 are heated to high tem-

"_____�__perature (300 - 6000),, it is pos-

sible that solid deposits will

torm on the cooled surfaces, con-
F lg. 246. Variation in ignition

* lag of hydrocarbons mixed with side-ably impairing cooling con-
air as a IXanction of temnerature[52]. 1)1igoin, d(15/15) 0.7211 ditions. The fraction composition
2) fractions boiling in 100 - 1206
range, d(15/15) O.743; ) kero- of RP-I kerosene has Leen so cal-

*?. sene, d( 15/15) 0.743 4)heavy
"fuel, d(1 515) 0.875! 5) T, m/sec, culated as to reduce the content

"of cyclic (naphthene) hydro,'arbons
which as investigations have shown [13] posseai a higher therma ata-

*¢ bility.

Th- basic properties of certain fuels using kerosene as the combus.-

tible aal who, in *raole 188 "I] and ?-g. 247 (21. Fgmu•e 248 shows the

design cIa1 4'citac' o" Z1 using gasoline and liquid oxygen (9].

" 819 =
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ALC0HOL-EP.SE: GOtUSTJLBLES
" 5i t~ex,. Alcohols are widely used as

a combustible for ZhRD in con- ..

junction with such oxidizers as

0'" zliquid oxygen and hydrogen perox-

20 ' ' - -o 6 ide. These alcohols ignite easily:-:ZO 4o so 80 Ar;xad

with such oxidizers and burn
"Fig. 247. Theoretical specific
thrust Rd of ZhRD as a func- smoothly. The ignition lag is less

tion of combustion-chamber pres-
sur P keosee urn wih vr- for, alcohols than for hydrocarbons.Ssure P,. kerosene burnt with var-

ious o•idizers (pressure of gases The first ZhRD created in the
in exit section of nozzle 1 atm;
excess-oxidizer factor a = 0. USSR for research purposes, as
i) Kerosene + liquid oxygen; 2)- . ethyl alcohol + liquid oxygen;
ethyl:3 alohole + (6iquid3 +xe0well as the first German military
3) k-erosene + (60% HNO + 40%3
S02 4 ); 4) kerosene + nitric acid; rocket using ZhRD operated on al-

5) %d' g sec/kg; 6) Pk atm cohol and liquid oxygen [7, 14 -
abs.

16]. At the present time, alcohols
TABLE 188

Fuels for ZhPD Using Kerosene as the Combustible

o~uaata~ ~ 5 6 1m 8•': I w"e 'iwciw• - -. .,,

tw V aIO :o-=. WO "A,•
IOMM ses4 III%-t . I pwxm ........... .... 5 1461) 1,36 2050-3000 •6-27 225-335 300--St

lkuw ms ws ........... 4 t $i0 1.361 3200 25-26 235-145 32s-340
IM I1~ t.47 2200-3320 26-27 -*020345-.370

TO 15t j"r.W Dcolov AS%**& 347 N~O 103500-330 23-25 270-240 270-28
15 "14"" tlm. . ... . t$$ 3010 0-0 3250-3350 33-2'. 260-:6300 -260

o.Te: I e specific thrust, combustion temperature, and apparent mole-
"cular' weight of the gases is determined by calculation for a pressure

2.. dia"Orential of 5iOol, and a In the region that Is optimum for the given
fuel. Thfe total heat conterlt for kerosenes is assumed to equal 440:i~:!:, kcal/hc',

... Ider; 2) combustible; 3) theoretically required amount of oxi-
""0', !tr. oxidizer/kg combustible; 4) heat or combustion, kcal/•g;

. density* kg/liter at a = 1; 6) combustion teiioerature, K; 7)
.. .t molecular weight of combustion products; 8) spec_ ic thwu•t; -

•.. . :;eck; 10) kg sea/liter; 11) n1tric acid (98%concentrat. ):
J. .':roen tetroxide; 13) tetiaPitro- [Key continued on next .

-820-
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[Continuation of Key to Table 188] methane; 14) liquid oxygen; 15) the
same; 16) kerosene; J.7) ethyl alcohol, 93.5% concentration.

N .TABLE 189

Physical-Chemical Properties of Certain Alcohols as Compared with
Kerosene

3 4~ 6 7C~Irf J~'w~
XTGeP r rYPI TP11UPPITzeYpa Towv.•,- 0e1Mp•CIpl

., C1 nsp Miwni, HJ1ai..w Ten, p

-.0 _0 .. A...

UTHROiWA .. I l 32#03 64,6 -9049 0.60 263 0#781 I 1770
..TuOmt~ . . . . ... C",boll 46101, 78.3 -- 117,0, 0,58 214 0,789 2020

.L .l . . . CaH7OH 6CM08 97,8 -1 7,0 0,80 IS9 0,810 2210
,o Aonpon oa ...6 C3HOH 60:00 82,3 -- 885 0.59 160 0,781 2070S Y M DU 1 -4:ne• I '• C4119011 ? 4,08 M 7 T -- eggs ,0,50 143 0,et7 22t0

17 A1n'C onwl . 18:.. " 1O sa,1 137:9 -:7805 0.050 20 0:804 2220i•'i".•OBU " ,- cono, f' •/. • H130HxO' 102,11 155,0 ' -51,8 -- SO 0,' 2230

176.1 " IAOI M,3 175,8 -36,2 - - 0.817 2250
01ITMDA4 18: C4111701 1 40 1,0 21 -14.0 - 0.827 2260

.19 71p110 M.......... , , 150-315 HAM -60 .0.465 0.19 221
0.

1 ,) Alcohol; 2) formula; 3) molecular weight; 41 boiling point, °C; 5)
melting point 0 C; 6) heat capacity (at 20 - 25 ), kcal/kg degree; 7)

20
latent hast of vaporization, kcal/ký;. 8) density, pO , 9) heat of.
combustion, kcal/kg;. 10) methyl; 11) ethyl; 12) pro~yl; 13) isopropyl;
14) butyl; 15) amyl; 16) hexyl; 17) heptyl; 18) octyl; 19) kerosene;
20) average; 21) below.

%.: are used as combustibles in many countries for various rocket-powered

flying craft.

The presence of oxygen atoms in the alcohol molecule can be con-

sidered to be partial combustion of the combustible elements in these

compounds. Thus the heat of combustion is lower for' alcohols than for

hydrocarbons. Az a result, lower temperature is produced when alcohols

are burnt, and this simplifies the design of reliably operating engines.

In addition, alcohols have a gmeater heat capacity and latent heat

of vaporization than do petroleum products (Table 189). This fact,

as well as the high relative percentage of alcohol contained in the

final fuel raxtutes (up to 40.- 50%), make it possible tu use alco.-

hols successfully to c'ool the motor-chamber walls. The quite large

-roportion of the fuel mixtue formed by alcohols improves conditions

for .xni:ing of the alcohol and oxidizer in the combustion chamber, and

prov" les a high degreoe of combustion efficiency.

- 821
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13i200 .0

25000.
,.;. 5 •o: /Iz III
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S.,:} I",,o,
2 20 5-

"""
S,.• ;;o. 2.5 3,o . . .

8eco~oe om.owemue oxuC~umei ' -8 30 p'00'9 0 '900c" "850 '. l800'

rd Fg. 248. Design charac- Fig. 249. Variation in ignition
teristics of ZhRD using lag of alcohols mixed with air
gazoline and liquid oxy- as a function of temperature.

P 21 kAlcohols: 1) methyl; 2) ethyl;
Ven p1  kgc3) n-propl; 4) n-but l, 5)
P = 20.4; 1) Molecu- n-amyl; 6) n-hexyl; 7 n-decyl;"?" "8) 'r, mlsec_
l"ar weight; 2) specific
thrust; 3) K = C /c0;a wpv

4) temperature; 5) coý- The lower combustion temperature
" bustion temperature, C;

6) specific thrust, kg of alcohols causes a lower loss of heat
sec/kg; 7) molecular
weight of gases; 8) owing to dissociation of combustion pro-
weight ratio of oxidizer
to combustible in mixture. ducts than is the case for hydrocarbons;

thus in the last analysis alcohols are in no way inferior to hydro-

carbons in efficiency.

The various alcohols of normal structure differ relatively little

:with respect to the ignition lag [171. A decrease in ignition lag

with inczrasing alcohol molecular weight can be noted (Fig. 249).

-'lle higher alcohols have greater density and a higher boiling

point than the lower Alcohols (Table 189); the lower monobasio alco.

' - methyl and ethyl alcohols and their mixtures - find the great-

v.aetlcal application as combustibles, however, since they are the

.:4,h•L .c-L and are supplied by the broadest industrial base.
4822
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The relatively high boiling points and low freezing points of

alcohols make it possible to use them over a wide range of operating

temperatures. Alcohols, as in the case of hydrocarbons, are character-

ized by negligible corrosive activity with respect to metals. Thus,

"-tanks and fuel apparatus of an engine are made from common readily "

-available and inexpensive materials. The good operating qualities,

relatively low combustion temperature, high combustion stability, and

good cooJ•ing ability were responsible for the choice of alcohols as

combustibles in the early period of development of ZhRD. Owing to the

fact that alcohols dissolvewell in water, it is possible to use

aqueous solutions of alcohols invarious concentrations as combustibles.

TABLE 190

Characteristics of Fuels Based on Ethyl Alcohol
and Liquid Oxygen £181

Kost +~e-tpam•-pi~ .2 o4Ta. i"a-a, % 5 Te-,Oo'T Xapaxlep,.o'r

13 sucAoPm 4 amP -p NI"'N 6 ie

o00 67,0 32.,40 2M I.
o0 6,53 349 3Io 2,2

s6Z33,7 1822 2A4o70 ,,40 40,60, t703 s,
7 Tonyoa 7W,8 24.2 2280 1,0

*The relative amounts og heat required to heat
the combustible from 20w to the boiling point with
complete vaporization.
li Alcohol concentration %1 2) fuel composition, %;
3 oxygen; 4) alcohol; 5) heat of combustion kcal/kg;

cooling characteristicsw; 7) toluene.

The dilution of alcohols with water on the one hand decreases the

heat of combustion (klg. 250) and the fuel combustion temperature,

and on the other hand raises the heat capacity and thermal conducti-

vity; there Is consequently an Improvement of the cooling ability of

the combustible (Table 190).

a. In tho ZhFD for the German V-2 rocket, a 75% aqueous solution

-823 -
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of ethyl alcohol was used an the combus-

"tible.

Alcohols are not hypergolio in coin-S,°~oo# - --
4 .400# e0 oo~, bination with liquid oxygen or hydrogen

." - , peroxide. A special igniter is needed to

J00c /start a motor using an alcohol oombusti-

2001 a0 7 a N ble. ,Alcohols find almost no application

Fig. 250. Heat of combus- in combinations using nitric acid oxidi-
tion of ethyl and methyl
"alcohol as a function of zers.• concentration. 1) N,.kcal/
ccna/kgi Despite their relatively low heat

or combustion, alcohols have so far not

lost their importance as rocket combus-
'jI2q, tZ,
#/&,J raj or tibles, owing to other positive proper-

tt, i.o so ties and advantages (they are used in the

.. so ZhRD, in the United States Redstone and

W..e, Viking rockets, and others); alcohols

4- V qwill clearly not be widely used In the

.0 40 ,o so N. V future, since the use of hydrocarbon.3 te$(jfmwaq,4Ee milOh', ý4
combustibles has been mastered success-

Fig. 251. Physical proper-
ties of methyl alcohol. fully.
Y) Specific gravity; q)
vlscostty; tk°) boiling Methyl Alcohol -Wood Alcohol, Methanol,

point; 1) I, g/cm3 ; 2)
n, centipoises; 3) concen-
S tration. Methyl alcohol Is a colorless

transparent low-viscosity liquid with a characteristic alcohol odor

resembling the odor of ethyl alcohol.

.iguare 251 Mhows son@ physical properties of methyl alcohol,
14ethyl aloohol burns with a bright-blue sootless flame. Vapors

or methyl alcohol form a mixture with air that is easily Ignited by

a spark.

*~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~2 4*t- ...- ,¾**** ..



Methyl alcohol is obtained by dry distillation of wood, or synthetic-

* ally. This latter process is based upon the reduction of carbon monox-

ide by hydrogen at a temperature of 200 - 3000 and a pressure of 150 -

600 atm in the presence of zinc oxide or other catalysts.

Methyl alcohol is widely used in various branohes of teohnology. K-'

It is not a complicated substance to produce, and thus it is a readily

availab!. combustible.

Methyl alcohol, which is inferior to ethyl alcohol with respect

to energy characteristics, is employed as a combustible in low-power

ZhRD (for example in the English Sea Slug guided antiaircraft missile),

and also as a substitute for ethyl alcohol. It can also be used in a

mixture with ethyl alcohol.

Methyl alcohol has a strong effect on the nervous and vascular

systems. Its poisonous characteristics appear most sharply when taken

internally, but toxic effects can also appear when the vapors are

breathed, or when the liquid alcohol or its vapors act on the skin.

:j When taken internally in small doses, methyl alcohol damages the optic

nerve, leading to total blindness, while in large doses it causes

death.

In working with methyl alcohol it is necessary to observe pre-

cautionary measures.

EtIyl Alcohol S(irit of Wine, Ethanol)

Ethyl alcohol resembles methyl alcohol in appearance and odor.

"The boiling point of pure ethyl aL,6.)hol is 78.30 and its density at

20 is 0.7893.

.Th va•-ai.tiviA . the physical properties of ethyl alcohol with

*1 tempeture changes is shown in Fig. 252.

.thyJl alcohol has a large volume coefficient of expansion, equal

to O.�01 at 200; 4t thuz changes its volume and density sharply with

"-825-
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V a variation in temperature.

•8I0 . \,00 .400 Ethyl alcohol is hygroscopic.

0500O1l,• P/ ;,, o The hygroscopicity of the alcohol

rises with temperature and with re-
JIM.0 ' lative humidity. Ethyl alcohol mixes

.. 0 0...., 5 ~ ~ with water in any proportions.
20 40 10 &0 W3 teI, epamypu.€ When the alcohol is mixed with

Fig. 252. Physical properties water there is a decrease in the mix-
of pure ethyl alcohol at var-
ious terneratures (atmospheric ture volume owing to hydration (for-
pressure ). ') Specific gravity;
TO viscosity; C heat capacity; mation of hydrates C2HOH'nHO). The
P) vapor pressure; 1) C, cal/g
degree; 2) P Mm Ho 3 temper- decrease in volume depends upon the
ature 00; 4) iy /cm:~ 5) ij
millipoises. proportions in which the alcohol and

TABLE 191
Decrease in Total Volume of Ethyl Alcohol and
Water when Mixed (Temperature of 200)

1 DsAiTO AXS cexemnannw YUMU 1`g2= ~.AUr CNas NU cxVuenunjygamue
.. .oytiapuoro 1 wapNOO

6030AXO I o Bps 60iOANOrO N0 0Oaxi aps
2 CXtLaMaUE,' CaUNPI.e * CmIts'

1 4 f2' 13~~
I to O 40 3300

20,I t,719 so0 203 70 90 I e to 0,12
40 Go I 3,3 I

13 Taken for mixing; 2) absolute alcohol, 11ters;
3 water, liters; 4) decrease in total volume
upon mixing, liters.

water are mixed, and is characterized by the data shown. in Table 191.

TIhe volume drops most when 60 parts of alcohol by volume is mixed

with 40 parto of water by volume. It mni•ing oeour' at 20&, we obtain

,*• cnly 96.-313 parts by volume of mixture in place or the 100 parts by

volume of alcohol and water.

Ethyl alcohol has a very low freezing point: -11i4. When the al-
-826-
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T'ABLE 192
Freezing Points of Aqueous Solutions of Alcohol

Co~ppa- 2 Tomnepa- ýOAOPMA Teunepa- CDAopMa- 2Tepa-
1 vis Tipa 1auel•.I m typ amep-- nue •Yp I a Xse .BUI*.

SIMP "BRA, onaPTA, BRAm, onspie' SAM,

5,1 -2,1 33,3 -24,2 ,1 4
9,3 -4,1 37,6 -28,2 70,2 -58"0

14,2 -6,7 43,0 -33,0 74,7 -• 7,0
17,8 -10,2 46,7 -35,4 100.0 -114.

50 -38,0
24,4 -15, % -42,0
29,0 -19, A -45,0

1) Alcohol content, % by weight; 2) freezing
"point, °C.

.5

cohol is diluted with water, the freezing point of the alcohol so-

* lutions rises (Table 192).

Ethyl alcohol is easly ignited and burns with a blue dim flame.

The vapors of the alcohol form explosive mixtures with air over a

broad range of concentrations. The selfignition temperature of the

alcohol in air is 5100.

Ethyl alcohol is obtained industrially by the alcohol fezrenta-

. tion of substances containing hydrocarbons (grain, potatoes, beets,

'* etc). The synthetic production of ethyl alcohol has expanded quickly

in recent yeaxs. The raw materials used to produce synthetic ethyl

alcohol are petroleum-refinery gases containing ethylene, sawmill

wastes (sawdust, chips, etc.), and cellulose-industry wastes (sul-

""rite alkalis).

Theiv are two methods by which ethyl alcohol can be obtained

from petroleum gases:

hydration of ethylene by water vapor at high pressures and

temperatures In the presence of a catalyst based uponphosphoric acid:

-827-



reaction of ethylene with concentrated sulfuric acid with the

formation of ethyl sulfate.,

C-,4+HOSOOH -,4 %H•,OS00H

and subsequent hydration of the ethyl sulfate by water

Csli&QSOOH+HO CsH.OH+IISO..

Ethyl alcohol is obtained from wood by hydrolysis of the wood at

high temperature in the presence of a catalyst (mineral acid). Here

polysaceharidee of the wood are converted

- s-to very simple sugars, which are then

,W , -. - fermented into the alcohol.

S_ - - -The unrefined raw alcohol contains

- -- -a large quantity of various impurities/7

000- I " that impart an unpleasant odor to it,,

- --- 23 are responsible for metal corrosion, and
2: - also have a harmful effect uponthe

6S -- - -120
- - 1 29human organism. Thus., the raw alcohol

"1A* I 4 76 cannot be used as a combustible. Re-
8 &COAN VWA

"14W" 8 •my fined ethyl alcohol is used for this

Fig. 253. Design charac- purpose. It is obtained by fractional
teristics of ZhRD using
liquid oxygen and 75T distillation (rectification) of the raw/", ethyl alcohol. pl 4ethyl alcohol. = 1 13. alcohol; during this process, the harm-
dt =2 ; Pl/p. 13.6.

1) Tempterature; 2) Cul Impurities are removed, and thw corv
K 0 7 ; 3) molecular
S weight; •i) specific tent of absolute alcohol in the product
thrust; 5) combustion is increased,
temperature OC; 6) sne-i
cirtic thrust, kg sec/kg; Both pure ethyl alcohol, rectified
7) molecular weight of

*8weiatt propor- with a st'rength of 92 -94% by wellgh tj,•'-'.i tor, or oxidizer t~o com-
"' ~bustilbo In mixture.,.,.teand its aqueous solutions are used as

kocet combustibles. The addition of water to the a&.cohol, as we have

- . already noted, decreases the .combustion tenperature and simultaneously

"- t4828-



improves the cooling properties of the combustible. Aqueous solutions

of ethyl alcohol are characterized by increased corrosion activity

• " with respect to metals, especially the low-carbon steels. Various

corrosion inhibitors are added in order to prevent corrosion.

.-" PFisure 253 shows deslin characteristlcs for ZhRD using ethyl

alcohol and liquid oxygen [9].

Ethyl alcohol is stored in clean steel tanks, drums, and con-

tainers. With proper storage, Its properties are unchanged over a

very long time span.

• .Ethyl alcohol cannot be stored in a galvanized container, since

it reacts with the zinc coating. In this case, a large quantity of
,-4. %'

amorphous precipitate flakes of white color are formed in the alcohol

(zincates).. 7he alcohol becomes cloudy and is unsuitable tor use.

When stored for extended periods of time in tanks, the alcohol

"" may separate into layers: the upper layers will contain stronger al-

cohol and the lower layers weaker alcohol. The difference In the

"strength of the alcohol in the lower and upper layers of the tank

will increase with the strength of the alcohol.

- In the practical utilization of alcohol-base combustibles, It is

very important to be able to distinguish ethyl alcohol from methyl

,-alcohol. There exist two simple qualitative reactions that may be used

to distinguish these two alcohols rapidly. --

1. When the alcohcls are reacted with vanillin (CH 80 3 ) in the

* presence of sult'uric acid, compounds are formed that give different

colors to the solution.

* ,The reaction Is performed as follows.

STo 1 ml of the alcohol being tested, we add soae crystals of

. vanillin, and carelully pour 2 ml of concentrated sulfuric acid

"(specific Sr4avity 1.84) down the wall of the test tube. With vanillin

* : 829 2
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and sulfuric acid, ethyl alcohol forms a compound that colors the

solution a gold-yellow that turns green when allowed to stand for

some length of time. With methyl alcohol, the solution acquires a

thick rose-colored layer which gradually turns red when al2owed to

stand. The alcohol has a green hue in a thin layer.

It is possible to use for this reaction ordinary crystalline

vanillin of the sort used for household purposes.

2. When iodine reacts with ethyl alcohol in alkali solutions.,

* lodoform is formed as yellow crystals which have a characteristic

odor. This forms the basis for a qualitative reaction for ethyl al-

cohol that may be used to find whether the alcohol concentration in a

"solution Is at least 0.05%. The equation for the chemical reaction

Si aking place can be represented as follows:

• .', qAOH+41,+6NaOH =,CHJ____+HCOONa+5HaO+5N&J.

The qualitat-2ve reaction for ethyl alcohol is performed as

follows.

Several crystals of iodine are dissolvedin I - 2 ml of the alco-

hol being tested until a dark brown color is obtained. Next a weak

solution of sWdIum hydroxide is obtained until the color vanishes.,

the uolution Is heated slightly and allowed to stand. if ethyl alco-

.ho. Is prewnt, the characteristic yellow crystalline precipitate of

ixlodorfo will appear immediately or after the solution haa stood ror

a short time.

No precipitate forms In the ptesence of methyl alcohol,

. A, aqueous solution of odiAne maW be ewployed in place of 0f s-

talline iodine for the reaction.

In the design of ZhRD, a Sreat deal of attention Is paid to pro.-
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viding reliable engine starting. Ill-timed supply of combustible or

oxidizer to the combustion chamber, or a great ignition lag can lead

to an explosion and destruction of the engine. The problem of design-

ing a reliably operating engine is successfully solved if a combustible

that forms a typergolio mixture with a given oxidizer is used, and

the resulting mixture has a short ignition lag.

An advantage of hypergolic fuels also lies in the fact that their

use simplifies the engine starting system, since in this case there

is no need for a special device for ignition. In the working regime,

such fuels burn more stably, with fewer pulsations and vibrations

thaa forced-ignition fuels. A drawback to hypergolic fuels is the

great fire hazard that they present.

The basic quantity characterizing the quality of hypergclic fuels

is the ignition lag ir. For safe starting of a motor, ' should be as

small as possible, and in any case should not exceed 0.03 sec [2].

A large number of formulas for combustibles that form hvmergolic

mixtures with nitric acid have been created on the bases of the

amino compounds.

The name amino compounds or amines is given to aamonia derivatives

* *. in which one or several hydrogen atoms in the molecule have been

replaced by hydrocarbon radicals. In their chemical compositions the

aliphatic amines are very similar to ammonia. They have the properties

i* of weak bases. Aqueous solutions of the aliphatic series yield ar

alkali reaction, since the aliphatic amines form baoes with water

almilar to an ammonium hydroxide, for example:

C_%4N"Si+liOt* (CIINIL OIL

The axvoatic amines are weaker bases, and their aqueous solu•tions

show almost no alkali reaction.

Amines combine with minoral acids to yield salts that are quite
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soluble in water.

The amines are considered to be among the best combustibles for

ZhRD. They possess several positive characteristics: low ignition

point, high gas -volution, relatively high density, a broad range of

concentrations for ignition, a short ignition lag. The good igniti-

bility and high combu'tion stability are responsible for the very

wide utilization of amines as combustibles for ZhRD, despite their

.relativeLy high cost. As a rule, monoamines are used for this purpose.

The first representatives of the monoamines in aliphatic series -

methylamiLnes, dimethylamines, and trimethylamines - are gases at the

normal temperature of the material. As the chains of hydrocarbon

" atoms grow longer, there is a regular increase in boiling point of the

amines. When we reach the ethylanmi- s, we find that they are liquids

at normal temperatures. The amiines have a diotinctive sharp unpleasant

odor and are soluble in water. Tne higher amini;n are solids that are

odorless water-insoluble substances.

The monoamines of the aromatic series In pure form are high-boil-

ing liquids or solids with a distinctive odor.

As a rule, the amines react very vigorously with nitric acid to

liberate a large amount of heat, and in many cases the reaction is

accompanied by ignition of the vapor products formed. The intensity

of the reaction and the ability of the amines to ignite spontaneously

w... th nItric acid depend both upon the molecular weight and upoia the

molecular structure of the amines [20 - 21).

The primary unbranched allphatic anines (up to 5 carbons atoms

in tho chain) form a hypergolio ixture with nitrio acid; the ability

to ignite spontaneot sly increases witrt increasing chain length in

the homologous series of axilines.

'Eihe replacement of hydrogen in a hydi-ocarbon chain by a methyl
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or ethyl radical in the a position improves the ability of amines to

ignite spontaneously. As in the preceding case, the ignition lag

drops as we go from isopropylamine to isohexylamine. Amines with a

branched hydrocarbon chain containing 7 or more hydrogen atoms do not

form hypergolic combinations with nitric acid.

": The replacement of the hydrogen in a hydrocarbon chain by a

methyl group iin the • position decreases the tendency of the amines

to spontaneous ignition. The replacement of hydrogen by a hydroxyl,

phenyl, or amino radical increases the tendency toward selfignition.

Secondary symmetric aliphatic amines w. T•h unbranched chains

form a hypergolic combination with nitric acid where up to 10 hydro-

gen atoms are contained in the molecule. The ignition lag decreases

as wo go from diethylamine to diamylamine, and is lower in magnitude

than the value for the corresponding prLmary amine.

".' The effect of secondary-amine structural branching is essentially

Sthe same as in the case of the primary amines: replacement of hydrogen

by a methyl radical in the a position decreases the ignition lag;

"substitution in the P position increases the lag.

Of the tertiary aliphatic amines, triethyl-, tripropyl-, and

-tributylamines form a very hypergolic mixture with nitric acid. Amines

possessing a large number of hyirocarbon atoms do not ignite spon-

taneously with nitric acid.

The tendency of aliphatic monoamines to ignite spontaneously

with nitric acid is increased as we go from the primary to the ter-

tiary amines. This is evidently connected with the increase in amine

basicity, which is greater for the tertiary amines than for the

primary amine-s.

Mhe ignition lag for the aromatic amines depends upon the posi-

tion o!' the side zhains in the ring. Of the three toluldines, only,

833-
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Fig. 254. Effect of vol- Mig. 255. Ignition lag as a func-
iunetric ratio of oxidi- tion of temperature. 1) Aniline;
zer and combustible on 2) furfuryl alcohol (80%) + aniline
ignition lag. 1) Aniline; (20%); 3) ignition lag, millise-
2 diethylaniline; 3) con3s; 4)temperature, iC.
methylaniline; 4) igni-
tion lag, milliseconds;
5) volumetric ratio of orthotoluidine ignites spontaneously
oxidizer and combusti-
ble., with nitric acid. The position of the

methyl radicals is of great importance for the xylidines; 1, 3, 2-

and 1, 3, 4- xylidines ihave a shorter ignition lag than 1, 2, 3- xy.

lidine.

Mesidine, which has three methyl radicals does not react with

nitric acid.

The primary aromatic amines form better hypergolic mixtures with

nitric acid than do the secondary or tertiary forms. The concentration

of nitric acid has a considerable effect upon the ignition lag,

* . especially for low-activity substances, as does the oxidizer-oombus-

i.:';te'.bul rati~o (F-i.g. 254),.

Where there is a considerable undersupply of oxidizer, ignition

:i sluggish, and the ignition lag is great. Increasing the quantity

of oxidizer to a specified limit facilitates acceleration of the

"- 834-



o I:; ;: reaction; too great an excess of ox-

S" " •idizer leads to an increase in the

"ignition lag.

.10 2 A drop in fuel temperature de-
,o 40U eoils 0*,• creases the reaction rate and in-

60, creases the viscosity of the compo-
4C

nents, impairing mixing conditions.
~20-

"A- As a result, an increase in the ig-
20 a0 60 80 lag M,yIo0 80 60 40 20 OA,% nition lag is observed (Fig. 255).

*'• •04O L4Fi The degree of variation in T with r

temperature is not the same for dif-
'; o 2 40#o o m•,2 ferent amines. '

'020 40 60 40to t0'~%
teo 850 40 20 0 NJ,. The activity of amines in reac

Fig. 256. Ignition lag for
"combinations of combustibles tion with nitric acid may be increas
with concentrated nitric acid
as a function of composition. ed with the aid of oxidation cata-
A) Aniline; F) furfuryl alco-
hol; M) methylpyrrolidine; lysts; as a rule salts of metals3, Ignition lag, milliseconds;
,mis2d F. with varying valence (ferric chlo-

V ride, iron nitrate, salts of high-molecular-weight organic acids) are

used for this purpose.

The agents of catalytic activity are the metal cations [16, 19,

"223.

The aromatic amines are characterized by high sensitivity to the

action of oxidation catalysts. The aliphatic amines are insensitive

to this effect.

The ignition lag of amines with nitric acid may be decreased by

adding sulfuric acid to the latter. Suliuric acid, which is a stronger

"acid than nitric acid, increases the heat of reaction with the amines,

and thus ignition occurs more easily.
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Combustible ignition can be im-

proved by the creation of multicomponent

-i- -"- systems. Figure 256 shows the way in

.5 -/-- - ---- which the ignition lag of various com-

k• 2000 bustibles with nitric acid depends upon
- -0. 8 the mixture composition [18]. As the

3 28 8
, -- figure shows, the ignition lag of the

- - -- J5mixtures varies nonadditively. A spec-

ific mixture composition corresponds to

jo g io •a minimum value for .o. Thus, for example,

",mao-De for the mixture containing IO% aniline

Fig. 257. Design character- and 60% furfuryl alcohol, the ignition
"istics of ZhRD operating
with aniline and fuming red lag is 0.008 sec, while for the pure
nitric (15% N2 0 1 ). P1  21kg/cm2 ; pl/p 2 = 20.4; 1) products, it is 0.06 and 0.018 sec res-

Temperature; 2) K = C /Cv; pectively.

3) molecular weight; 5 ) o A combustible forming hypergolic
specific thrust; 5ý combus-
tion temperature, C; 6)
specific thrust, kg sec/kZ; mixtures can be employed In ZhRD as a

2"22 7)weight ratio of oxidizer
" 7 g t o dbasic type of combustible or as an
to combustible in mixture;
8) molecular weight of gan- auxiliary substance, to ignite the mix-

-' es.
ture when nonhypergoll fuel comb 3na-

tions are used.

Aniline, triethylamine, and xylidine find the. widest practical

application as combustibles.

Aniline

In the pure form, aniline Is a colorless oily easily oxidized

"",liquld that turns dark upon standing, espeoially in the light. Tech-

' nical-.& rade aniline is called ePlirne oil. The boiling point of aniline

ibs 184.40, the freezing -6.2°. Aniline has the relatively high density

"o' 1,024 acm 3 at 200. It is a poison. As do all aromatic amines,
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aniline has the properties of a weak base and yields salts with mineral

acids.

Aniline is one of the important products of the aniline dye in-

dustry.

At the prosent time, aniline is obtained from nitrobenzene by

reduction of the nitro group to the amino radical in a hydrochloric

medium in the presence of a catalyst, and from chlorobenzene by sub-

stitution of an amino radical for the chlorine atom.

In conjunction with nitric acid-base oxidizers, aniline is used

as a hypergolic combustible in many American rockets (Corporal, Vamp-

IL ire, Aerobee (second stage), Nike (second stage)) [1].

Furfuryl alcohol is sometimes added to aniline in order to lower

the freezing point; this also improves ability to ignite spontaneous-

ly upon contact with nitric acid, and in almost no way impairs the

* -~ operating characteristics of the fuel. A mixture of aniline with

furfuryl alcohol is used as the starting combustible (specification

MPD-229A) for the American Nike-Ajax rocket.

"::" The design characteristics of a ZhRD using aniline and nitric

acid, after Satton, are shown in Fig. 257 [9].

Triethylamine

"Triethylamine is a transparent mobile light-yellow liquid. Its

density at 200 is 0.7283 its boiling point 90. The freezing point of

"* triethylamine is very low (-115°). Triethylamine is very irritating

to the central nervous system. It is normally mixed with xylidine

when used as a combustible.
"" •Mldine (:Lnoxylo!L)

(Ain

Xy.li dine is a high-boiling oily transparent liquid ranging in

color P-oni yellow to light brown; it is lighter than water (Its den-

sity :t; 0.978 at 200). The boiling point of xylidine is very high
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* l (2l6°), and its freezing point is -540. It is widely employed in our

industry for the production of azo dyes.

The starting product for the production of xylidine is technical .

xylol, which is a mixture of meta-, ortho-, and paraisomers. Nitra-

tion of xylol produces technical nitroxylol, which is a mixture of

various isomer products.

STechnical nitroxylol is reduced with the aid of iron filings

to xylidene in a hydrochloric mediumi. Technical xylidene is subjected

to refining.

When mixed with triethylanine, xylidene may be used as a hyper-

golic combustible in conjunction with nitric acid-base oxidizers.

The most common mixture consist of' 50% triethylamine and 50% xylidene.

This mixture was employed in many German ZhRD during the Second World

War under the name Tonka-250. It has a very nearly optimum composition

that provides a minimum ignition lag. Certain physical constants for

Srnka-250 combustible at various temperatures and design data for the

specific thrust ZhRD are shown in Figs. 258 and 259.

." ,o •,J40 C'

-a CM

~5 54C- - -- 220

-0 -40 -20 is0tv to 0 V 0 50 P,,aom 2

Mlg. 258. Physical properties Fig. 259. Theoretical specific
o± Ponkca-250 combustible as a thrust of ZhRD (Rud) as a funo-
function of temperature (ab-" n•,t':'•l resuz•.j p •enltytion of oMbustion-ohamber pres-
.r;, ,ireesure ,hp) denioty sure (Pk)l 1) Tonka-250 + (60%
ii. '/lttere C) heat capacity O2)krsn+

* *HN~ + 20% N0),ty C; v) m nemat-o 20; 2) kerosene +
• C;y in kine2ti. - ( HNO3 + 20% N.!O) (62); (pres-

sure of gases in output section of
1 atm, excess-oxidizer factor a
0-8)4 1) d kg sec/kC; 2) PF$,at-..
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*..ij ,. A general drawback to amine-base combustibles is their relatively

high cost and scarcity.

"- -. ' In order to increase the resources for hypergolic combustibles,

Sthey are sometimes mixed with petroleum products or other nonhyper-

golic combustibles (18]. When mixed with an oxidizer, the hypergolic

"component is an ignition initiator.

In many cases, an amine-base hypergollc combustible is used not

as the main combustible, but as an auxiliary fuel to ignite the fuel

"in chemical-ignition systems.

r Ammonia

Liquid ammonia can be used as a combustible for ZhRD. Its heat

of combustion with liquid oxygen (1640 kcal/kg) is lower, for example,

then that of hydrocarbon combustibles. But when it is burnt with

oxygen, almost the same specific thrust is obtained as when kerosene

is burnt with oxygen. The combustion temperature of ammonia is slightly

lower than that obtained upon combustion of hydrocarbon combustibles.

2 . Liquid ammonia with liquid fluorine as the oxidizer is a very

Sgood combination. Such a fuel makes it possible to obtain high

.. specific engine thrust (340- 350 kg se/kg). The gain in efficiency

ft fwhen ammonia is used as a combustible is associated with the better

thermodynamic properties of the combustion products of the fuel (low

molecular weight, considerable content of diatomic gas).

Under normal conditions, ammonia is a colorless easily liquefied

'. gas with the characteristic sharp odor of "ammonia water. " At a pres-

sure of 6 7 atm at normal temperatures, ammonia goes into the

liquid phase.

The boiling point of' ammonia is 33.40, the freezing point -77.70,

-. •. the density at the boiling point 0.68 g/cm3. The viscosity of liquid

ammonia is considerably less than the viscosity of water.
-839-
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The availability and cheapness of ammonia facilitates its use

in ZhRD. It is an extremely important product of the chemical indus-

try, and is produced in very large quantities.

Ammonia is obtained commercially by synthesis from the nitrogen

"of the alr and hydrogen. The synthesis is carried out at high temper-

Satures (400- 5000) and pressures (100 - 1000 atm) in the presence

of a catalyst.

Under normal conditions, ammonia is quite stable. It burns with

a yellow flame in an oxygen atmosphere when a flame is applied.

The alkaline properties of ammonia cause it to corrode nonferrous

metals.

"A substantial drawback to ammonia, complicating its utilization

is the low boiling point.

"Ammonia is toxic, and damages the mucous membranes of the eye and

the respiratory tracts.

Basic data on certain fuels using ammonia and amines as combusti-

bles are given in Table 193 (I].

"." HYDRAZINE AND ITS DERIVATIVES

Hydrazine and Its derivatives,, hydrazine hydrate, dimethylhydra-

zine, etc. occupy an important place among the nitrogen-containing

compounds that are employed as combustibles for ZhRD.

Hydrazine

Hydrazine is a product of the partial oxidation of ammonia, and

"Iforms when ammonia reacts with sodium hypochlorite:

2NH,+NaOCJ=HO+ N,14+NaC1.

Q'ite istrIutural romula of' hydrazine is 112N - NH2 .

1(ydruzine is a colorless strongly hyrroscopic quite viscous

iuid that fumes in air. The boiling point of pure hydr&ainq is

113.50, the freezing point about 20, and the density at 200 is
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TABLE 193
Data for Comparison o hDFesEpoigAie n moi scm
bustibles

N.N.
,., O01UT8b 2 r'op•-e. j -Y0UU#TV

1 "16 Ii'.1.
* O*%go I o..oZ

A40UGAXRKCAOTh 0 1PUDT1naaMUu it
?ICzikus 5% amumaU 416 M40 1,32 3M0 26-27 2M0-240 M305.1

127
To Ws 80% anunnua a 2D% L..
* *.p¢40ypuaoDOro

cn•pt. ...... ,9 1420. M3050 2 3 6-2.47 210-2.10 20-3.15

13 1.8
U9 o U 'OPOA Auama•m ..... 2,97 2M30 OX 35,W-385 26-28 270-2W0 270-280

1.2 19
To weAMMUM .. .. . .. . 1641 1630 ON8 3000-3050 119-20 280.-200 25-M3

,lku. • 07P , -U6 2315 1.18 W0-4600 20-21 4-480 400-415
15 20

-. A"A, UZP= Repo" , . .... . U7 20 t,00 3M-0 23-25 270-28 2,0-2 .-

Note: The specific thrust, combustion temperature, and apparent molecu-
lar weight of gases are determined by calculation for a pressure dif-.
ferential of 50:1 and a in the region optimum for the given fuel.

7.K 1) Oxidizer; 2) combustible; 3) theoretically required quantity of
oxidizer, kg, oxidize /k combustible; 4) heat of combustion, kcal/
./k; 5) fuel density, kolater at a = 1; 6) temperature of combustion,
"-OK; 7) aparent molecular weight of combustion products; 8) specific
"thrust; 9) kg sec/ka; 10) kg seo/liter; ii) nitric acid, 98% concen-
tration; 12) the same; 13) liquid oxygen; I1) liquid fluorine; 15)
liquid oxygen; 16) 50% triethylamine and 50% xylidine; 17) 80% aniline
and 20% furfuryl alcohonl; 18) diethylamine; 19) ammonia; 20) kezosene.

1.01 g/cm3.

"Hydrazine dissolves well in water, alcohols, amines, and other

polar solvents. In nonpolar solvents such as hydrocarbons, halogenated

hydrocarbons, etc., they will not dissolve.

As it is a strong reducing agent, hydrazine easily reacts with

many substances, and especially with oxidizers.

"Free hydrazine is able to combine with a molecule of water to
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form hydrazine hydrate N2 H1 .2H 2 0. This compound is a colorless liquid

with a boiling point of 1180, a freezing point of -20, and a density
at 200 of 1.03 g/lM 3.

* In contact with the oxygen of the air, hydrazine ignites and

burns with a violet flame. When heated to a temperature of about 350, it

breaks down quietly into N2 and NH3 [23]. At higher temperatures, it
2 3,

tends to explosive decomposition [24). Owing to this property of hydra-

zine, it cannot be used to cool a motor combustion chamber.

The decomposition of hydrazine Is accelerated in the presence of

oxides of iron, chromium, copper, and other catalysts [25]. Ths re-

"action, which Is accompanied by the evolution of heat and geseous

"products, makes It possible to use hydrazine as a monopropellant.

1Hydrazine has a relatively low heat of combustion (1940 kcal/kg

with oxygen, 2430 kcal/kg with fluorine), but a small quantity of Oxi-

dizer is needed for its combustion. It is characterized by high gas

evolution.

The temperature of combustion of hydrazine is relatively low; In

this connection the lose of heat owing to dissociation of its combus-

tion products is not large.

- .The excellent thermodynamic properties of hydrazine when it Is

' -9 burnt with all known oxidizers make it possible to obtain high speci-

fic thrust from an engine (Fig. 260). With oxidizers based on nitric

acid, fluorine, and concentrated hydrogen peroxide, it ignites spon-

* ', taneously with a short ignition lag. 1ydrazine was employed with hy-

drogen peroxide by the COirlans during the Second World Wax for the

. 14c-163 fishter-interceptor with ZhRDX, and a mixture wlth methyl ale-.

hol in the Val'ter rocket engine (16].

The utilization of hydrazine as a combustible involves certain

difficulties in connection with its high freezing point and the need
, "42
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Mig. 260. Design character- Fig. 261. Curve for crystallizationof hydraine-water mixture [28].ii ~istics of ZhHD using hydra-
zine and liquid.oxygen [9]. N2H4
Pl = 20.8 kgiCmi pl/P2 - to insulate it completely against air

20; 1) Te[merature; 2)

K = C /C; 3) molecular during storage. As yet, no effective addi-

weight; 4) specific thrust; *"* C) combustion temperature tives have been found that will lower the

6) specific thrust, kgSsec/kg; 7) weight rat..o of freezing point of hydrazine without adverse-
oxidizer to combustible inmixture; 8) molecular ly affecting Its energy characteristics.
weight of gases. In many cases, the role of the corn-

bustible is played not by hydrazine but by a product of its reaction

. with water (hydrazine hydrate), which has a very low freezing point

* (Fig. 261). The energy characteristics of hydrazine hydrate are con-

siderably poorer than those of hydrazine., howeoer.

Pure hydrazine may be used in ZhD ballistic misailes,

provided that launching conditions permit the utilization of a corn- -

bustible with a high freezing point (26]. A&cording to published in-

" f£omation, the ZhHD in the second stage of the Centaur rocket, designed

in the United States, will use hydrazine (specification Nil-H-26536)

and nitrogen tetroxide [27].
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The cost of hydrazine is relatively high.
Hydrazine is very toxic, and ignites easily. As a result, it is

necessary to observe precautionary measures in handling this material

(28].

Dimethylhydrazine

In recent years, information has appeared on the application of

unsymmetric dimethylhydrazine* (dimazine) as a combustible for the

ZhRD of many rockets; this substance is a hydrazine derivative. Thus,,

it is used as the combustible In the motors of rockets of the Nike,

Rascal (29], Vanguard [25, 301 and Explorer (31] types, and in the

*:- booster of the Bcmarc rocket interceptor [32]. Combined with liquid

* oxygen, dimethylhydrazine is used in the first-stage rocket motor

that was used in the United States in 1957 to launch an artificial.

Earth satellite [18, 33]. Owing to the low hydrogen content of the

,* . dimethylhydrazine molecule, it Is inferior to hydrazine In energy

characteristics, but compensates for this in Its better operating

qualities.

,Imethylhydrazine easily Ignites spontaneously with nitric acid-

base oxidizers. With liquid oxygen it is Ignited from an external

ignition source. The ignition lag of dimethylhydrazine with fuming

"nitric acid (several milliseconds) Is the lowest of all presently

known Iuel compositions [29]. Mie utilization of di•!thyihydrazine

as a combustible provldu easy starting and operating stability of

the englne under varloue operating conditions (34] and, in addition,

makes It possible to increase uoawhat the engine thrust character.1s-

.? tics as compaxed with other nitrogmn-containing hypergolle combusti-

blea. 1he characteriLtIcs or fuels for LIMX using hydrazines as cam-

buatibles are shown In Table 194.

"In the United States, dimethylhydrazine Is produced to the



MIL-D-25604 and MPD-540A specifications.

Dimethylhydrazine is a colorless clear liquid with a sharp un-

I-"" pleasant odor characteristic of the organic amines. The structural

formula of unsymmetric dimethylhydrazine is as follows;

,)N-NH5 .

Dimethylhydrazine has the chemical nature of an organic base.

The phyv.ý.cochemical constants of pure dimethylhydrazine are as

follows [35 ]:

;Molecular weight ...... ........... 60.08!-Density at ',00 0.795
Coefficient of volume expansion

at 250 " . ....... " ... 0.00133ii ~boiling point, °C ••••••••••••• 63 '-''
Freezing point, C .......... .. • • -57.2
Vapor pressure at 25, mm Hg. .... .... . 157
Viscosity at 250, centipoises 0 . . . .. . . . 0.509
Flash point in closed vessel, o • • • • • • • • 1.1
Specific heat capacity at 250,

cal/g-mole degree • 39.2
Heat of combustion, kcal/mole 4 . . . . . . . . $73
Thermal conductivity at 250,

cal/sec amo 00. . .4.8-o40
Surface tension at 25°, dyne/cm• . 28
Index of refraction at 25 1.4058
Heat of combustion (lower-limit) in oxy-

Sen, kcal/iS • •.• • 2200

TABL~E 1914
Characteristics of ZhRD Fueos Using Hydrazines as Combustibles

* • I I", ..
3j 4 6_f 7

1~ 2 9 110

=4 U12 I 3 -2

11 15 I
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TABLE ) 94 :(Continued) H

12 2NUAUA 4TOp NaaPu 6= ... 2,M 2230 1,32 4600-4700 20-21 340-350 450-455 V'
13 17

flepelacb ropo 50% nrimaauurainpM
~Af 80%-naol ui 50% mmsorfor~o-2
xonneeTpauna CnflpTA ...... 2,72 1020 1,30 2600 20-2i 2t0-220 275-285

S14 
18

AomTnai ReW.oMa 50% TpnHanimHU I
98%-.oik on- 50% xciun,-a . . 4,6 1490 1,32 3000 26--27 230-240 $05-370
1qflpaqua

1) Oxidizer; 2) combustible; 3) theoretically required quantity of ox-
idizer, kg, oxidizer/kg of combustible; 4) heat of combustion, kcal/kg;
5) fuel density, kg/liter at a = 1; 6) combustion temperature, OK; 7)
apparent molecular weight of combustion products; 8) specific thrusts,
9) kg sec/kg; 10) kg sec/liter; 11) liquid oxygen; 12) liquid fluorine;
13) hydrogen peroxide, 80% concentration; 14) nitric acid, 98% concen-
tration; 15) dimethylhydrazine; 16) hydrazine; 17) 50% hydrazine hy-
drate and 50% methyl alcohol; 18) 50% triethylamine-and 50% xylidine.

"The properties of technical grade dimethylhydrazine are as fol-

S •lows [303.

Content of pure dimethylhydrazine
in % by weight, no less than.... . . . . 98

Deey P4 o5 0783-0786

"Boil:Lng range:
10: evaporates at temperature in

oc not below . . . . . . . . . . . . . . . . 61.7
90% evaporates at temperature in0C not above. . . . . . . . . . . . . . . . 64.4

Freezing point, 0C . . ..... ....... -56.7

The chief advantage of dimethylhydrazine over hydrazine is its

relatively low freezing point (-57.2°), which-makes it convenient from

the operating viewpoint.

,• Dimethylhydrazire mixes in any proportions with water, petroleum

S poducta, alcohol, and many organic solvents. It is oxidized by the

oxygen of the air, reacts with carbon dioxide, forming solid salts,

and thirstily absorbs moisture from the air. Thus, storage in an un-

sealed container will lead to rapid deterioration in its quality. In
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order to avoid damage to the product, as well as from safety consid-

erations, it is recommended that dimethylhydrazine be stored under a

* -nitrogen blanket.

Containers for storing and transporting dimethylhydrazine are

made from ordinary steel. In addition, stainless steel, aluminum and

its alloys, nickel, monel, and magnesium can be used as structural ma-

terials in contact with dimethylhydrazine. It is not recommended that

copper and alloys with a high copper content be used in contact with

dimethylhydrazine [36].

Dimethylhydrazine is a good solvent. It causes many well-known

lining and packing materials to swell and soften. Teflon, polyethylene,

and certain rubbers are resistant to dimethylhydrazine [36]. Dimethyl-

hydrazine has good thermal stability. It breaks down in sealed capil-

laries only at temperatures of 370-4250.

Dimethylhydrazine is a highly toxic substance. All operations

with it should be carried out in gas masks and protective clothing

Dimethylhydrazine forms explosive mixtures with air over a wide

-range of concentrations - from 2 to 99% (by volume). It ignites easily

and thus it is necessary in handling this material to observe strictly

all fire safety measures [24].

Dimethylhydrazine is obtained by relatively uncomplicated methods,

and the raw materials are plenziful.

It may be obtained from dimethylamine and nitrous acid (Fisher's

"method) [28].

The p-nitrosodimethylamine is reduced in the presence of zinc in

an acetic acid medium:

(CIH3)2NNO+ [H] •MION (C )a NNH1+HjO.
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Another method of obtaining diniethylhydrazine is the Raschig mod-

Ification process, developed and perfected for the production of hy-

drazine [28). In the first stage, a solution of sodium hypochlorite is .-

treated with ammonia in order to obtain chloramine. Dimethylhydrazine

N . -. is then obtained from chloramine and dimethylamine according to the

diagram
NH,+NaOCI ;-+ NHICI+NaOH,

NHCI+ (CHa).NH+NaOH -. (CH-3) NNH2+NaCI+HO.

Afte: the reaction mass has been dewatered and distilled, pure

dimethyihydrazine is obtained.

In recent years, chloramine has been obtained by direct chlorina-

tion of ammonia.

At present, .dimethylhydrazine is produced in the United States by

several companies; a tendency has been noted toward increased produc-

"tion.

In contrast to hydrazine, dimethylhydrazine dissolves well in

petroleum products. Up to 40% dimethylhydrazine is added to the Amer-

ican JP-4 petroleum fuel in order to improve combustion stability [26].

It has been reported (26] that dimethylhydrazine mixed with di-

ethylenetriamine (Hydyne combustible) has been used as a combustible.

LIQUID HYDROGEN AS A COMBUSTIBLE

Among the combustibles for ZhRD, liquid hydrogen should be sin-

gled out. The high energy characteristics of liquid hydrogen have long

been known. The first ideas as to its utilization for combustion in

ZhRD with liquid oxygen were advanced by K.E. Tsiolkovskiy [38].

A liquid hydrogen-liquid oxWgen mixture ignites eallly with a

short ignition lag, and has a very high heat of combustion, equal to

3010 kcal/kg. A hydrogen plus oxygen fuel is characterized by high

normal. f0ame-propagation rates and wide concentration limits for igni-

-848



• -

tion. At the same time, such a fuel is characterized by large gas evo-

.lution (1240 liter/kg). The combustion temperature of hydrogen in oxy-

"gen is relatively low (2140'). All of these quantities make liquid hy-

drogen a very valuable combustible. Its use in a ZhRD permits a con-

siderable increase in engine specific thrust in comparison with other

fuels for a lower fuel combustion temperature.

Table 195 gives some characteristics of fuels based on liquid hy-

drogen [39], and Fig. 262 gives design characteristics for a ZhRD us-

ing liquid hydrogen and oxygen [9].

Gaseous hydrogen is the lightest of the gases. Liquid hydrogen is

* a transparent colorless extremely light and mobile liquid with very

TABLE 195
Some Characteristics of Fuels Based on Hydrogen
[39]

2 3iromuepa- ToopOTn'ie0- 5
1Tonjao I nOTlHo0e, rypa Iacman ymacaxaa YAen-uul

l wO)UCaUITOJI ropeuna, Tara, seC
1K rOpl'oR Y 0c C X8ces/IX TOnjinva

-- I-6 -
o o 9,42 4466 371 0,457

AOPO - 3,77 2465 356 0,269
"(BoAopoA-- o0ou . . 2.85 2360 373 0.230
8 BoAopo-- 'iempez-
* OxUCU a3oTa ...... . I,5 3100 279 0,565
9 130AopoA - MucOpOA . 2?85 2141 345 06970

1) Fuel; 2) oxidizer-combustible ratio; 3) combus-
tion temperature, °Cc 4) theoretical specific
thrust, kg sec/kg; 5S fuel specific gravity; 6)
hydrogen-fluorine; 7). hydrogen-ozone; 8) hydrogen-
nitrogen tetroxide; 9) hydrogen-oxygen.

low boiling point (-2530) and freezing point (-2570). Liquid hydrogen

has very low density, 0.07 g/cm3 (at the boiling point). A hydrogen-

air mixture will explode from a spark over a broad range of concentra-

tions - from 5 to 95%.

When stored in vessels open to the atmosphere, hydrogen upon com-

ing into contact with air solidifies and, being heavier, drops to the
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I-' bottom of the vessel. When this happens,

S0a very dangerous explosive mixture forrms.(: • ~3000 . .

4. -In this connection, liquid hydroge.5C •0- !?' 30 "

"S22oo 1, 12 must be stored in vessels insulated frorc

8
---- ---- ---- the air under high pressure, and even

14
this does not eliminate the explosion

6 300 3.hazard ['401.
•3 . 8 0 11 1 A.. •

2 
3S260 / Until recently, liquid hydrogen was

- •2 obtained by cooling hydrogen compressed
2 4 6 8

7ecotoe om'oweCue OKnCoumeAR to 140 at:n with liquid air or nitrogen,
. zopo0emty • Cnecu

and subsequent expansion cf the hydrogen
Fig. 262. Design charac-
"teristics for ZhRD using [39]. Such a high-pressure system is not
liquid hydrogen and oxy-
gen. P1 = 21 kg/cm2 ; Justified, however. Today we have avail-

-pl/P2 20.4; 1) Temper- able a low-pressure system using circu-

ature; 2) K = C /Cv; 3)
V lating gaseous helium that maintains a

specific thrust; 4) mo-
lecular weight; 5)oigni-tion temperature, C; 6) temperature somewhat below the boiling

sec.specific thrust, kg gpoint of hydrogen at the cold end of the
•(" 7) weight proportion of

7 eg poroosystem (39]. As a result, the hydrogen
.* oxidizer to combustibleSin mixture; 8) molecularwinghiture 8) mle cwhich is at somewhat more than atmos-

"weight of gases.

3 Shzusan C

6 -I.AO C=Pl-

7 7

Fig. 263. Relative range of' rockets usIng
various fuelo [51]. 1) Hydrogen-fluorine;
2) hydrogen-oxren, 3) diborane fluorine,
4) diborane-o tgen; 5) hydrazine-ohiorine
"ti-ifluoride; 6) ethyl alcohol-oxygen; 7)

pheric pressure is cc)led and liquifled. Helium installations are sim-
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pie to service, easi.Ly installid, and may be used under field condi-

tions. The first plant for producing liquid hydrogen was built in the
"" United States ir 1957 [8]. At present, liquid hydrogen is produced in

large quantities. 1 .

Special helium-cooled vessels and tanks have been bu4.1t in the

United States for storing eaid transporting liquid hydrogen; they pro-

vide minimum product losses owing to evaporation. The vessels consist

of two shells - an inner shell (of stainless steel) and an outer

shell; a high vacuum is set up between them. In'the upper portion of

the inner shell there are special condensing rings in which gaseous

helium is circulated for continuous removal of heat from the hydrogen.

Before liqutid hydrogen is charged into appropriate vessels, they

are first cooled with liquid nitroger.

The use of liquid hydrogen is complicated by the fact that its

density is so low and the complexities involved in storing and han-

duing it. The luw density of liquid hydrogen makes it necessary to

.' build very large fuel tanks, which inevitably leads to a considerable

increase in rocket :,1ze. The very low boiling point of hydrogen

greatly eomplicates storage and the choice of materials for manufac-

turing tanks and fuel apparatus, since the majority of metals become

brittle at low temperatures.

1 The high energy character-tItics ofC Liquid hydrogen make it a very

A prortasing combustIble, especially for long-range rockets (Fig. 263)

[39, 41, 49). Zhr.D working on liquid H2 end F2 have recently been deve-

2' loped [42]. According to published reports$ the third-stage raotors Of ,

the larpe Saturn and Centaur ballistic missiles under contruction In

".4 the USA will use liquid hydrogea and oxygen [4? I.

A METAL-EASE COMBUSTIBLEP

The attempt to inicrease the specific thrust of ZhRD has led to
851



"unceasing searches for new fuels having increased energy character-

"Istics. Almost all chemical elements in the Mendeleyev periodic sys',

have been investigated.

Table 196 shows the basic properties of fuels consisting of ele-

"ments having a very large reserve of chemical energy, and the calcu-"

lated specific thrust obtained when they are burnt in ZhRD (44-46]0

The heat of combustion was determined on the basis of the heat of for-

mation of the corresponding oxides (fluorides), ard the low heat of

combustion, with an allowance for the heat expended in vaporizing the

combustion products.

As the table shows, presently feasible fuels for ZhRD made up of

the combustible elements hydrogen and carbon and-the oxidizing element

oxygen have the lowest reserve of chemical energy. Several combusti-

bbles such as beryllium, lithium, and other metals have considerably

greater (by factors of 2-2.5) heats of combustion in combination with

oxygen or fluorine than other types of combustible, and relatively

* high density (1.73-2.70 g/cm3). Owing to'the high-density of metals,

*• the specific heat of combustion is extromely large for them. For exam.

ple, for a beryllium-oxygen fuel combination, it will be 8850 kcal/li-

ter, for magnesium and fluorine, 5550 kcal/liter; In this connection,

many authors have suggested that it-Is possible to increase the spe-

cific thrust of ZhRD considerably by using metals as the combustible.

The first ideas of using metal fuels were advanced by G.E. Tsan-

, der. Later• Yu. V. Kondratyuk and G. E. Lahgemak performed calculations

that demonstrated the possibility of using beryllium, boron, lithium,,

aluminum, silioon, and certain hydrides or metals Ai4. organometallic

comp,.unds az combustibles (47, 481..

4Metals that a-e solid at ordinary temperatures may be burnt In an r .

engine In the molten condition or as a powder dispersed In the combus-
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tion chamber. The practical application of such methods involves great

difficulty, however. It is more convenient to use metals in ZhRD in

the form of suspensions or colloidal solutions in which the dispersed

substance is a finely divided metal, and the dispersion medium a liq-

uid oombustible, or in the form of organometallic compounds dissolved

in a combustible.

* TABLE 196

Basic Properties of Elementary Fuels

__ _ _ _ 3 )(,C,,OpOR .___ _ __ __ __ __ __ __ .,__

"TeonoT a 9 ,, I _ i , .f.JIOTA a . Ibae N,,*
cr , u.lI.L05 6 7 I 8 7,I-, , Io-n = 0 " "ut °

- = .%.=,•L.,.ao• I=1 I, _a ... ,=, ofl3

-""1 1 a Ino1112
•'0 U I I 11 1 g

* *ici )AI *

SI) 0 (resaibe- 3215 18.02 100 r322 370 UP (faao- 3n90 3190 20,01 -t374 420

i) lithAMC 3760 2W8 M 0,53 3 378 LIP (??U!) 500 320 h94 1960 379 4U4
!. .15 23inum; 20 ) 47 on 2 13 ast

SECPUa. BOO (7moPAiae) 5400 Otpl'ua- 25,0 W90 1,5 BG SF* (vsepmwe) 483 4000 47,01, W '358

22 tbUR21

16  1,0 rupj. 440 330 0994 - 2.30 251 290 B?, (mao- 7  3700 3790 67,8 305 348
E60 oTopue a W %9)8

17 2
'A>YTROPOA COO Tir~ao- 2140 2140 44.01 -78 2.25 263 300 CF. (rm-o 1830 18O 8&01 - 187 220

18 2223 zae
M MDA:O9 (TWAPRG) 3030 Onuqa- 40=3 2250 V74 U g?, (Teep- 423 2700 62,32 1110 294 335

22 ru'u92
Ai2Nu. A401, (Tasp. 3840 2680 101,94 2700 2,70 22 7 ls(OAG 703M 80 1 8

20 22 21

Rpem- SIO* (nVpAms) 3W2 2060 60.06 IOW Z.40 2M SIP, (rano- 35W 350 M0406O 260 302

1) Combustible; 2) oxidizer; 3) oxygen; 4) fluorine; 5) combustion pro-
ducts; 6) heat of combustion, kcal/kg; 7) molecular weight of' combus-

"' ~The utilization of metals as additives for a hydrocarbon combus-

.: .. tible makes it; possible t~o increase considerably Its per-unit-weight

"" iand per-unit-volume heat of combustion. Table 197 shows the effect of

,.'. - 853 -

g/i3  0 pcii hut esck;1)lw 2 ih 3 yrgn

""A/
•%• .•.%;- . .. and. per-unit-volume. =.: . heat . =:- o...... combustion. . Table................ 19 .. ho...s th ef- fect of _-•--



TABLE 197
"Effect of Beryllium Additives on Heat of
Combustion of Kerosene-Nitric Acid Fuel

"ecTo npn- 2 TeuJoTa crophnnU YmeAnUenne Ten=oTM
C.AAKU 6epiui~ins [cropa1nn eAnmmu -

is KOPOCH , 35 o6zema,
xe e 3 aAI/x 4 XIAIA 5 %

0 1460 1920 0
"3,6 1790 2430 26,6
7,2 2130 -2960 54,1
t0 2480 3520 83,3

1) Amount of beryllium additive in kero-
sene, %; 2) heat of combustion; 3)
kcal/kg; 4) kcal/liter; 5) increase in
heat of combustion per unit volume, %.

a metallic beryllium additive on the heat of combustion of a kerosene

plus nitric acid fuel, according to the data of G.E. Langemak.

The drawbacks of metal fuels include their high molecular weight

and the low heat capacity of the combustion products. This is respon-.

" sible for the high combustion temperatures and considerable energy

losses owing to dissociation of the combustion products. As a result,

the efficiency of metal combustibles is decreased.

Manu-
s cript ([Footnote]
Page

No.

- 844 In the future, this will be called "dimethylhydrazine."
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Chapter 26

OXIDIZERS FOR LIQUID-FUEL ROCKET ENGINES

0xidizers for ZhRD are the components of the rocket fuels whose

function is to oxidize the combustible substances in the engine's com-

bustion chamber. The properties of a rocket fuel are determined basic-

ally by the properties of the oxidizer, since much more (approximately

2-4 times) oxidizer than combustible is usec in a ZhRD.

k •Oxidizers may be classified as follows:

:'qud oxygen and ozone;

- concentrated hydrogen peroxide;

- nitric acid and oxides of nitrogen;

-,tetranitromethane;

- liquid fluorine and fluorine compounds;

-- perchloric acid and oxides of chlorine.

"Table 198 lists the most characteristic fuel components that

"have been employed in foreign rocket engineering.

OXYGEN AND OZONE

Liquid Oxygen

The use of liquid oxygen as an oxidizer was first proposed in

1903 by K.Ye. Tsiolkovskiy [3'. This is one of the most powerful

oxidizers. Liquid oxygen is used basically in medium- and long-range

rockets, which are loaded with oxidizer immediately prior to launch-

ing.

"In the USA, liquid oxygen is used as an oxidizer in the engines

Xof the "Redstone," "Jupiter," "Thor," "Atlas" (Fig. 264) and other

""- 857'



L
rockets. Methyl and ethyl alcohols as well as kerosene-type hydroca.-

L
bons are used as combustibles with liquid oxygen. As a rule, Cuels

based on liquid oxygen are not hypergolic.

The basic energy characteristics of certain types of liquid-oxy-

gen- and ozone-based fuels are listed in Table 199.

Under normal conditions, oxygen is a gas. Its critical temperature
and pressure are, respectively, tkr -118.8° and Pkr 11.9.7 atm.

Liquid oxygen is a bluish liquid with a specific gravity of !I.4,

boiling at -1830 and freezing at -2190 [6, 8].

The viscosity of liquid oxygen at the boiling point is 0.189

centipoise, and its latent heat of vaporization is 1.632 kcal/g'mole.

The vapor pressure of liquid oxygen is shown in Fig. 265 as a

function of temperature [6].

The most important advantages of liquid oxygen as an oxidizer, in

"I• addition to its high energy characteristics, are its nontoxicity, low

production cost,-and practically unlimited availability.

Liquid oxygen is obtained from air, which is liquefied by alter-

1 noting cycles of compression and cooling, with the result that its

"temperature is depressed to -180°. The liquid air is then rectified:

I at a temperature of about -190°, the nitrogen evaporates from it and

the liquid oxygen remains [7].

The oxygen content in the technical product may be no lower than

- ,.j 99.0% [9].

1ý. atmospheric pressure, liquid oxygen maintaina a constant tem-

' perature (-183°) as a result of the continuous vaporization that

takes place with abaorption of heat. Evaporation of 1 kg of liquid

"i oxygen requires expenditure of 51 kcal of heat (9].

Onu of the most serious shortcomings of liquid oxygen is its low

boiling point and, consequently, the large evaporation losses during

I. - 858 -
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TABLE 198

Certain Fuel Components That Have Been Used in
the Rocket Engineering of Capitalist Countries

* [8, 331

rop~eo PaePa 5OT t

8-
-7 N1tHAnIII 3TIIAODBLi RII 9 A-4 onr .- 3e2uam 26,o 32o
11To me ll To me 12 4POjACTOYu il11To me 33,7 32D

(CMlA)
1 .3 Hcpocaui, SIony~p (CA) 70,0 240D

6 ftouatmo JP-4 7~va'(CUlIA) * 2X75+ 8800
+1 X30

18 ABoTHa: l 9 *TOuKA-230. 2 (3X-4* (4)PI) ,BosAyx - 0,12 &

11 To wce ?aiIoHobTlAoBwlft 23*HIopnopaat* jj03emnR- 9,0 120

24 rasoina 25leonl.1 To me 4,0 240

(CIlIA) 807-YX
9 * 3paitHO-54* T m 1,0 20

Tleenm u a p (mA cn rapA *) A n1 1 n w 3 4

AUiMeTIIar1I3Ap.3flH 2-s CryneUb 11ciHyccnffl~o.
(CMlA) ro onyThuma

32 3evalt
* 33 IHcstinitw 4 .X-17* (CilA) -23,0 --

37nfepoiwch - *Xe~meai-294. t.3~X~ 2 10
ROAOPOAR +MA

raust

38 [iepemmi6~ Ik..TIIJloaiuir 1cp~iev 1,7 -

aJOAOPO~a 57% +rup-azaua. W.e-M.3B.
rIIAPaT 30% (10PF)

__39+13% iso~u 4
11 To we V 1 MeTIiaOSM ýTR* (Aurauai) Aapo~.ufaulf- 0.4 3-3

CflflPT+rItAPa3IuE ~eIe

44 Repocisa 45 .SX-45# (AItraJ4fl) 28 3u~a ~*. 4*npnnaa ox - 3

I.6om6a* (Aura"~) 6ea

1) 0xidizer; 2) combustible; 3) rocket; 4) c'Iasq
of rocket; 5) ;engine thrust, tons; 6) range, kin;
7) liquid oxygen; 8) erhyl alcohol; 9)-AT Fed-
eral Republic of Germiinmj; 10) sur~face-to-surcace-
11) samie; 12? "Redotone" (USA); 13) 1r,_rosene;
14) "Jupiter ' (UJSA); 1.5) "tThor" (USA); 16) jF.-4
fuel; 17) "Atlas"' (USA); 18) nitric acid; 19)
"Tonka-250"; 20) "x-41 (Federal Republic of
Germany) ; 21) air-to-air; 22) monor-thylariiline;
23) "Corpora2" 'USA); 24) gas oil; 25) "Veronica"
(France); 26) kekrosene; 27) "Nike-A~jax" (USA);

* 28) surface-to-air; 29) "Erlikon-54t' (Switzerland);
3)unayimi~etrical d imzethyl hydraz ire; 31) "Vyan~guard,"t
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Table 198 key (continued)

second stage (USA); 32) for launching of arti-.
ficial. earth satellite; 33) xylid'ne; 34) "IX_17"
(USA) ; 35) "~Henschel-294" (Federal iepublloof
Geýrmany), 36) air-to-surface; 37) hydrogen per-
oxide + calcium permanganate; 38) hydrogen per-
oxide; 39) 5715 methyl alcohol + 30% hydrazinehydrate + 137 water' 40 -6-B" (Federal
Republic of Germany)ý; 41) methyl alcohol +
hydrazine; 42) t1TR" (England); 43) aerodynamic
research; 44) kerosene; 45) I'sx-.45" (England);
46) "guided bomb" (England)

TABLE 199
Basic Energy Characteristics of Fuels Based on

* Liquid Oxygen and Ozone [4, 5]

a~ OD~A~.-

RUC3'oPOA + MARRAui IOAOpQA 5.3 0,33 24 2850 335
M1IC3opoA + aiwnAN......1,4 0198 21 2730 2559 UijiA MPAaUR 0,67 1,09 21 2800 28710 RCOPOA + WnTRJikoalaI UpT 1,5 0,98 28 298 23
H~1nc~topoA + 'anaojna . . . . . 2,5 0,965 21 3000 242IM coo~+~onzrm...16 09 28 3015 248

13 linicROPOA + IIOcftmueTPU~wwf14AimeIMerAnJ&MaMH .. . ..... 1A 0,98 28 3120 24914 I%*IfopoA+ rotjnao JP-4 . ,2 0,98 28 3250 240
15-0IO !uIoo+ YMr~OMoAopouo

rtlploqee (C:fl=8) .. * 2,3 0,x 28 M190 247
16 3on + yrae*A0VopAuoe ropo..

17 CaopoA (70%) n 0303 (30%) + 24 11
+ NOOO yrIfjpaoe rOP~IG~'e

(C: II ~t6) .. .. .. .. ......... 104 28 3200 252

1) Fuel mixture; 2) oxidizer-to-fuel ratio; 3)
fuel density, kg/liter; 24) combustiorn-chariiber
prezoure P kP kg/cm2;; 5) combustion-chamber
temperature, 0 C; 6) specific thrust, kg-sec/kg;
7) oxygen + liquid hydrogen; 8) oxygen + am-
monia; 9) oxygen ihydrazine; 10) oxygen +

ehlalcohol; 11) oxygen +* gaoln.- 2 .-)
gen + methylamine; 1I oxygen + unsvinmetricaj.
d'imethy1hydrazine; 1le)oxygen +. JPJ4 fuel; 15)
oxygen + hydrocarbon combustible (C:H =6);
.16) ozone + hydroc~arbon combustible (0:11 6)06
P1) oxygen fO% and Ozone (30%) + hydrocarbon
combustible C:H 6).

stuvage and zlilpmont.

As a isesult,, the baslc problem. In using liquid oxygen and par-

-860 -



f" 800 - *

700 --

A ~~~~~500 - - --

'.40C. -00 - - ...

: , ' 400 •

• t~Z too .• -
-::t"•1. -z -2o -•9 -

_W -210 -200 -190 -180
2 Termepnomwp0, C

Fig. 265. Vapor pressure
of liquid oxygen as a func-tion of temperature. 1 vr,

"-j • per pressure, mm H ;
S -• • "'temperature, °C.

ticularly in storing it consists in minimiz-

Ing the evaporation losses as far as possi-
;:':'ble.

Liquid oxygen is stored in special con-

Fig. 264. "Atlas"•intercontinental bal- tainers with excellent heat insulation. The
:"•'-listic rocket (USA).ltcokt" evaporation rate of oxygen depends on the

size of the heated surface and the thermal-conductivity coefficient

'of the insuletion. Since a sphere has the smallest surface area, rela-

"tively small containers for storage of liquid oxygen are, as a rule,
made spherical. Larger containers are normally given cylindrical

shapes.

Heat insulation is provided for storage of liquid oxygen either

by creating a deep vacuum (below 0.001 mm Hg) in the space between

the inside and outside walls of' the container or by pouring a heat-

insulatinG material ir•o a•2 spaces betwe:.%n the walls of the vessels
a.

holding the oxygen and the outside cases of the storage capacity.

Loose magnesium carbonate powder, asbestite, magnesium cement, slag

or glass cool. and other materials are used as heat insulators [9, i01.

"a. 861



, MagneiAuni! carbonate powder has the lowest thermal-condu,:.•-',v .

.ficient, which is 0.027 kcal/m'hour.°C [7]. When vacuum ht.b £::.

"is used, the oxygen losses are about 25% smaller than when heat-_:,:-'-

lating materials are employed [10]. The best effect is secured by uvti.

the so-called vacuum-powder heat insulation, a practice consistiro,

pouring the space between the outside and inside walls of the liquiu-

oxygen vessel full of magnesium carbonate powder and then evacuating

the air from this space to produce a high vacuum. The oxygen losses

due to evaporation when the slag-wool heat insulation is employed repre-

sent 3-5% per day, while they drop to less than 1% per day for vacuum

and vacuum-powder insulation [10]. High moisture content and the

presence of cracks in the heat insulation result in a considerable in-.

crease in its thermal conductivity and, consequently, in evaporation

loz lses of oxygen.

Under laboratory conditions, liquid oxygen is stored in Dewar

flasks. When considerable quantities of liquid oxygen are to be stored

or shipped, special metallic reservoirs known as "tanks" and having

"capacities from I to 50 m are employed. In isolated cases, the

capacity may run up to 40,000-4.5,000 m3 (9]. The larger the capacity

of the liquid-oxygen vessel, the smaller will be its relative evapora-

tion losses expressed in per cent. The literature [12] describes a

plan for, an undqrground reservoir to hold 1 million tons of liquid

oxygen. This reservoir is a cylindrical tank 103.5 m In diameter and

"- ,':hI 1) o '.,vIded with heat izn.ulatlon 10 w Ohick. Thr2 evaporation

losses of oxygen in such a reservoir would be only about 0.001% per

.Spt'clal oxygen tank cars am.e uaed iVoi railroad shipment oV

I~iu xyl~via. Special miobile Vueling unlts are employed for hat.14r.-

.1"qid oxygen over siozrt, distanices and f'eeding It to rockets.
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SSince shipment of liquid oxygen over considerable distances re-

* suits in large evaporation losses, it is frequently advisable to pro-

* ,: duce the liquid oxygen at the point of consumption. Special mobile

apparatus for production Of liquid oxygen have been built for these

* purposes. In the USA, for example, there is a linit with an output of

5 tons/day of liquid oxygen for servicing the "Redstone" rockets;

this is carried on two trailers and adapted for air transport.

A unit has also been developed for an output of 20 tons/day of

"pure (99.5%) liquid oxygen; this one is mounted on four trailers,
The unit operates on diesel fuel, of which 0.5 kg is required to

produce 1 kg of liquid oxygen. The liquid oxygen produced by the unit

is supercooled and then drained into special tanks or mobile fueling

.2 units [13].

Containers for storage and shipment of liquid oxygen may be
equipped with special automatic helium coolers to reflux-condense the

evaporated oxygen; in these devices, liquid helium (tk = -269") cir-

:1 culates through a tubular condenser installed in the top of the reser-

voir holding the liquid oxygen. The helium coolers make it possible to '.

store liquid oxygen for long periods and ship it over long distances

without losses [9].

Copper and copper alloys, aluminum and stainless chrome-nickel

steels are used in fabricating equipment for the storage, shipment and

transfer of liquid oxygen.

Carbon steel and cast iron are not suitable for these purposes,

since they become extremely brittle on contact with liquid oxygen [6].

Copper, aluminum and lead are used as packing materials. The fire

hazard prohibits the use of lubricants and oils of organic origin

in work w'thi liquid oxygen. Various types of Impurities accumulate
"gradually during storage and transfer of liquid oxygen; these include

-863-

," °* . - * ..



acetylene, mineral oils, carbon dioxide, watte and others. T pre; :'

of water and carbon dioxide in the form of a solid phase in oxygen i.:y

result in clogging of filters and various parts of the plumbing when

the oxidizer is transferred. The accumulation of hydrocarbon oils and

acetylene. which may result in violent explosion of the entire mass of

7, .' liquid oxygen, is particularly dangerous. It is necessary to exercise

great caution in working with liquid oxygen because organic substances

in contact with it and in the atmosphere formed by its saturated vapor

may easily self-ignite or form explosive mixtures. Brief contact of

liquid oxygen with the skin is not dangerous, since a gas cushion that

"protects the body from freezing forms between the liquid and the skin

as it boils [143. Touching metals that have been cooled by liquid oxy-

gen is more dangerous.

Ozone

The use of oxygen as a ZhRD oxidizer was first proposed by Yu.V.

Kondratyuk [15]. Ozone is one of the strongest oxidizers: paired with

liquid hydrogen it develops a larger specific thrust than does liquid

fluorine.

Ozone is an allotropic modification of oxygen. Its molecule con-

tains three atoms of oxygen.

* "Liquid ozone is dark blue in color, boils at a temperature of

-112° and freezes at --251.. Its density (1.46 at the boiling point) is

"considerably higher than those of oxygen and fluorine. Ozone can be

produced from oxygen by the action of a corona discharge or by thermal

methods based on the fact that oxygen undergoes partial transformation

.- ,o ozone at high temperaturee E6]. The mixture of oxygen with ogone

that is produced in this manner is cooled by liquid air, so that

liquid ozone or liquid mixtures of oxygen and ozone can be produced.

A diagram of a unit for producing ozone is shown in Fig. 266.
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::!•:i. o •--•o,•nThe basic deficiencies of ozone, •_,.

:'i ~apart from its low boiling p.iint, In- --

:' 'i:. • 6 /clude an explosion hazard and high Ji:

:" 4- 0•toxicity. Ozone is liable to spon-

" loarge quantity of heat, in ac

:• cordance with the equation

):, 203- 302 + 69 kcal.

3L 2

Fig. 266. Diagram of appara-Gaeuoonmadcmpse-tus for production of ozone.ozone
) Oxygen from bottles; 2)p Liuid o ne i

oxygen purifier; 3) recircu-h d n i

S~lation pump; 4) oxygen-feed):" eguator 5)ozontor 6)stable at room temperature. However.,

toguicity; Ozon isn r li6e)ospn

-euheat exchangers; 7) solutionev out i

ofe aplresne quntity of heaten tac-

•'•'" • of ozone in oxygen.
cdquantities of organic impurities

such as lubricating oils makes ozone an extremely explosive material

'-.• that detonates on heating and mechanical agitation [17]. A necessary

condition for the production of explosion-safe liquid ozone is spe-

cific and thorough purification of the oxygen used for its production.

"Ozone explosions begin in the gaseous phase, so that gaseous ozone re-
quires extremely cautious handling.

': r The use of pure liquid ozone as an oxidizer for ZhRD Is still ,

difficult due to its tendency to explosive decomposition. One method

of stabilizing ozone is its use in mixture with liquid oxygen. A mix-
ture of ozone with oxygen containing UP to 30% of liquid ozone is of

practical interest; thils mixture does not eremsent an explosion mti

- thazard and is stable in storage c18]. ,(e

The effectiveness of liquid oxygen as an oxidizer increases insp

. cproportion to its ozone content (Fig. 267) o 19 f. p.

The presence of ozone, which is capanle of yielding active
nascent oxyoeo on decorxeosition, in liquid ox3gen contributes to an

i"• - ~865 -.-
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:"2 KemouOoo %2oe"wO",Fig. 268. Diagram of state

Fig. 267. Heat of com- of ozone-oxygen system at
bustion of ozone-oxygen atmospheric pressure. 1)

mixtures (with toluene) Ideal solution; 2) vapor;
as a function of ozone 3) liquid and vapor; 4)
concentration. 1) Kcal; liquid oxygen; 5) liquid
2) ozone concentration, ozone; 6) two liguid phases.

A) Temperature, C; B) ozone
content, mole-%.

increase in the combustion rate of fuels in the ZhRD chamber.

Ozone has limited solubility in liquid oxygen. Mixtures contain-

ing from 25 to 55% of ozone separate into two liquid phases at a

temperature of -1830: one is rich in ozone (55% 03), while the other

has a low ozone content. At temperatures above -179.5°, ozone mixes

with oxygen in all proportions [20). Figure 268 shows the diagram of

"state of the ozone-oxygen system (21).

"The ozone-enriched layer is explosive. When a mixture of oxygen

wiLtl ozone iQ stored, it is necessary to take into account the possi-

bility of an increase in ozone concentration due to the continuous

and preferential evaporation of the oxygen, which boils at a lower

temperature than ozone.

CONCENTRATED HYDROGEN PEROXIDE

Concentrated hydrogen peroxide has come Into extvna3lve use in

rocket, engineering as an oxidizer and as an agent for the product-ion

"of the vapor gas required to drive the turbines of turbopump set's In
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TABLE 200

Theoretical Characteristics of' Fuels Based on

Concentrated Hydrogen Peroxide [4, 5]

TonnIumax ecb2em 6

7 oO%-sax fepommI~ aowAOPJa + , 28 20 20

t ~~~8 99,8%-naa nepexach sop~po- ~2 _

9 9,6@h-naxn epeincn DOAopo-
A&+ TODUflDO JP-4......&5 I'm8 28 268 2M

10 603no0AMS uepic R 'P-

cnp...........3441t.22 22 2440 229
1 187=-a nopx6c ROAOPOAA + 11 2 26 2

12+ MOTUflOSndU Cp M. 22 228 22S
12 epax~feb oPO~na (54%1 n~

Bu2TpaT am~olun (40% + ite2-~22

1) Fuel mixture; 2) oxidizer-to-combustible ra-

tio; 3) fuel density,, kg/liter; 4) combustion-
2

chamber press8re, kg/cm ; 5) combustion-chamber
temperatiure, c; 6) specific thrusts kg sec/kg;

7) 90% hydrogen peroxide + hydrazine;k8) 99.6%
hydrogen peroxide + hydrazinle; 9) 99.6% hydro-
gen peroxide + JP_4 fuel; 10) anhydrous hydrogen
peroxide + 92.5% ethyl alcohol; 11) 87% hydrogen
peroxide + methyl alcohol; 12) hydrogen peroxide

(54%) and ammonium nitr'ate (40%) + kerosene.

certain types of rockets.

In 1944, hydrogen peroxide was used by the Germans as a vapor-

gas source in the A-4 (V-2) rocket. Hydrogen peroxide is used for theJ ~same purpose in the Am~ericanl Redstone, Viking, Jupiter and other

L rockets. Concentrated hydrogen peroxide has been used as an oxidizer

in the engine of the Me-163B interceptor' aircraft, as well 
as In cerý-

I.....tamn British and American ZhRD types (22, 23, 24).

Low-w~ater hydrogen peroxide (90-95%) yields nothing to nitric

acid In efficiency, although it contains less active oxygen. For exam- 
4

pie, the energy properties of' a fuel mixture consisting of 90% hydro.-

gen peroxide and kerosene approach those of such fuels as red fuming-

nitric acid + aniline and liquid oxygen + ethyl alcohol (4). This Is
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accounted for by the fact that the hydrogen peroxide molecule decom"-"

poses with evolution of considerable heat before entering into .the oxi-

* ~~dation reaction; this delivers an additional heat effect when the fuel ;:

is burned in the comfbustion chamber.F

.80.

7Si

A 7

45145W~ 1245 42 o
B Temn-epairgw, B Cajepcwm. m~O

Fig. 269. Specific gray- Fig, 270. Vapor pressure
ity of hydrogen peroxide of hydrogen peroxide as

* as a function of its con- a function of concentra-
centration and tempera- tion and temperature. A)
ture. A) Specific gravity, Vapor pressure, mm Hg;

* ~~g/cmý; B) temperature, C. B 10 otn,%

Iii:h.: TABE2l~ Poetie of Hydrogen Peroxide [6, 22,

31foo up tlc1caMIl14
4 jtaea 2 ?p~aaae. -WS

5T%*t%*"vya omtweu (teop'I '
,p%*t.*cX.) Ic .. . . 1140 ISIA

6eimn up&s. 16-c. CM um * * I'ms 141
7*01uo. s xOcpme-3" uai*euu

1) Iundex- 2) 122concentration, %;3) de"- Ity
at 18OC; 4) rte~ing point, C; 5)-bo~11ng point
(theoretical), C; 6) vi.:oI sit i ,cni
stokes; 7) refractive it'x 8ý surface tension,
dynei2fcm; 9) heat capacity, cal/S; 10) heat oC
formation of li.quid M202,9 kcal/s-rmole.
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Table 200 lists certain theo--- ' ° C"- -'",
-.... . .. '-.- retical characteristics for fuels

... -- '-1,b-{ - based on concentrated hydrogen per-

oxide (4, 51.

-------- .ydrogen peroxide can be pro-

0 10 20 30 40 50 60 70 40 Wgo 0 duced by various methods (22]. The

electrochemical method consists in
Fig. 271. Diagram of state of,

system. 1) Tempera- electrolyzing aqueous solutions of
"ture, C; 2) concentration of'"-"% eit ) eesulfuric acid; the result i1 forma-_.., ••202,% by weight; 3) freez-.._

im Ing-point curve. tion of persulfuric acid, which is

then hydrolyzed by water vapor with formation of dilute aqueous solu-

tions of hydrogen peroxide (perhydrol). The concentrated hydrogen

peroxide is produced by two-staged rectification of the solution In

special columns, which yields commercial-grade 80-90% hydrogen per-.

oxide.

* Low-water hydrogen peroxide is a colorless transparent liquid

with an extremely faint odor reminiscent of' Uiose of' nitrogen oxides.

The physical properties of hydrogen peroxide of various concen-

tration3 are given in Table 201.

Figures 269 and 270 indicate the specific gravity and vapor .

"pressure or hydrogen peroxide as functions of its concentrauion and

tem~per'atur~e.

Hydrogen peroxide I* ivgaried as an ext,-emely weak acid that can-

not oven be detected by litmus-paper testing. The dissociation constant
of hydrogen peroxide in the equation 20 + 2 is 2.4.O12 at a2

tezperature of 25 C.

"Hiydrogen peotox•de mixes in all proportions with water and ethyl

and metIVi alcohols.

"One jhorw.c=c1rj of concentrated hydrogen peroxide Is Its hig•h
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£freezing point, which makes it difficult to work with in winter.

Figure 271 shows a diagram of phase state for the H2 02 -H 2 0 sys'-

temr 22].

Solutions of 55-60% concentration have the lowest freezing poihtS.

Concentrated hydrogen peroxide has the ability to supercool. For ek

0ample, pure 90% hydrogen peroxide may be supercooled to -15 even dur.

ing agitation. Effective additives that would make it possible to re-

duce the freezing point of hydrogen peroxide by any considerable

amount without detriment to its energy properties have not yet been

found. Figure 272 shows the influence of ammonium-nitrate additives

to 90% hydrogen peroxide on the latter's freezing point.

(' -- I- The mixture consisting of 40%

to . NH4 NO, and 60% H2 0 2 has the lowest
"" freezing point at -320 (4].

h'" "• 20

- -• - / -A distinguishing property of

-t- low-water hydrogen peroxide, and a

1 considerable disadvantage from thei0 to 20 30 40 50

2 C0ePWue NIV4, X standpoint of storage, is its ther--

Fig. 272. Freezing points of mal instability and high sensitivity
hydrogen-peroxide solutions
of' ammonium nitsate. 1) to various types of contamination. On
Freezing point, C; 2)
NH4 NO3 content, %. heating, and under the action of

various catalysts, hydrogen peroxide

decomposes with evolution of heat in accordance with the equation

Ils-# iiaO+ 4-L02+23,45 l(Ccat1.

The decomposition rate of 90% hydrogen peroxide as a function of

temperature is indicated in Table 202.

Absolutely pure low-water hydrogen peroxide may be stored at

normal temperatures for extremely long periods without noticeable de-

composition. Contamination by various impurities (dust, rust, salts of

- 870 -
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TABLE 202

Stability of 90% Hydrogen Perox-
*. ide at Various Temperatures (9]

ToxtriepaTypat, 2 fpn6r~nv*eRaua cHiPopoc00 J'.'.' j pa ,io~ecwa

30 1% a ro
.66 1% i eAeAo .5 2% a OYTHN140 9GUCTVpo paaMaraeTcE, DOCXKM

1) Temperature, °C 2) approximate
decomposition rate; 3) 1% per year;
4) 1% per week; 5) 2% per day; 6)
decomposes rapidly with bumping.

heavy metals, alkalis, enzymes, and so forth) result in a sharp in-

crease in the decomposition rate of hydrogen peroxide and severe over-

heating. At a temperature of 140-150°, the decomposition becomes ex-

plosive. The influence of certain impurities on the stability of 90%

TABLE 203

Influence of Impurities on Decom-
position Rate of 90% Hydrogen
Peroxide at Temperature of 100 0

During 24 Hours (223

2 3 noTepx'.'-" 1. ~I(o•.,t'wotuo .~o,

upae•CCU nPitecit,
le/.. u,,€a 2 ,

• "• n,�-.. .c .......... .. ,O 03
0O0t 24

"9 8 nt .. .. .. .. .. . o10•

90 0loao .. ..... . " 10 10

1) Impurity,; 2) quantity of im-
purity, nm/liter; 3) loss of ac-
""tive oxygen, %; ) without impur-
ities; 5) aluminum; 6) chromium;
7) copper; 8) iron; 9) tin; 10)
zinc.

- hydrogen peroxide is shown in Table 203.

* •Permanganates, manganese dioxide, cuprois cyanide salts and

others are strong catalysLs for the decomposition of hydrogen peroxide.

• 871
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A considerable quantity of heat is eroi•c•

'0 in the decomposition of hydrogen peroxiu.ý.

"" 1200 _ - - -

i1'00 -- The dependence of the heat effect of

1 oo000 V - the decomposition on the concentration :

• 90..-- - - the hydrogen peroxide is shown in Fig.

""6S 70 7S 6 65 095I 273.
S2CoOeP•caue /~0b% Decomposition of 1 kg of 90% hydro-

Fig. 273. Heat effect of
decomposition reaction gen peroxide liberates 1700 liters of
of hydrogen peroxide as
a function of its con- vapor gas heated to 740 and containing
centration. 1) Heat ef-
fect, kcal/kg; 2) H2 0 2  0.423 kg of active oxygen.

constant, %. The ability of hydrogen peroxide to

decompose rapidly under the influence of catalysts, with evolution of

heat and formation of a large quantity of gaseous decomposition pro-

ducts, makes it possible to use it as a monopropellant fuel.

The instability of hydrogen peroxide and its sensitivity to

various impurities were for a long time serious obstacles to its

widespread use in engineering. Many studies were undertaken to find

ways to stabilize hydrogen peroxide, with the result that it was ea-

tablished that orthophosphoric and pyrophosphoric acids and their

salts, stannic acid and its salts, hydroxyquinoline and other agents

"may be used as stabilizers [4, 9, 22). Orthophosphoric acid, starnates

and pyrophosphates have come into practical use. Thus, when 23 mg/liter

of orthophosphoric acid are added to 87% hydrogen peroxide, its sta-

uillly .. improved considerably [9]. The action of hve -44bilIzer de-

ponds on its nature and the nature of the contamination. No universal

Sstablltzr for hydrogen peroxide has as yet been found, For example,
.%

the cnt~alytic action or copper ions is weakened considerably by stan-

nilc acld avd Its salts, while that of chromium ions is countered by

Sorthophosphoric acid and pyrophosphates.

- 8m-
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The best guaranty for stability of hydrogen peroxide is to safe-

guard its purity in production, storage, shipping and transfer. When

a small quantity of harmful impurities gets into hydrogen peroxide,

stabilizers are sufficiently effective, but the decomposition process

cannot be retarded by any stabilizer if the impurities are present in

large amounts. With rising temperature, the sensitivity of hydrogen

peroxide to the catalyzing action of impurities increases. Concentrated

hydrogen peroxide is stored and shipped in special containers (tanks,

tank cars, drums) made from pure aluminum (Fig. 274). In isolated

cases, stainless steel may be used. Polyvinyl chloride plastic is used

as a gasketing and stuffing material. Teflon and, to a lesser degree,

polyethylene are also stable against hydrogen peroxide [26, 27].

To raise the stability of hydrogen peroxide in storage, the in-

side surfaces of the aluminum reservoirs and drums, as well as those

of the pumps and piping systems are given special treatment (passivated)

by dilute alkali and nitric-acid solutions.

"The storage losses due to decomposition of the hydrogen peroxide

should not excced 1% per year [28].

The stability of hydrogen peroxide

•" . in storage is checked by regular

temperature measurements.

| I If rapid heating of the product

"is detected, an additional small

quantity of stabilizer is injected

into it. If this is not adequate, the
F.ig. 27 4 Tank fop storage of
hydrogen peroxide. hydrogen peroxide is diluted with

water to safe concentration (67%) E'9].

Concen-rated hydrogen peroxide causes dot corrosion of aluminum.

A corrosion inhibitor is added to hydrogen peroxide to reduce its

-873 -

*.-* 4* *. * * * * 4 *. ~ * ' * * t ¶ * * . . .

,:., . * * * 4 * - . *: 4



• ••, • ., ,• v , ,, " -ý

corrosive action on metals.

Great caution is required in handling hydrogen peroxide. If.

comes into contact with combustible materials (grass, straw, textiles,

paper, wood, and so forth), concentrated hydrogen peroxide decomposes

with evolution of a large amount of heat, so that these materials..

burst into flame.

Mixtures of concentrated hydrogen peroxide with organic substances

(benzene, toluene, alcohols and others) are highly explosive materials.

If such mixtures are accidentally formed in work with hydrogen perox-

"ide, they should be disarmed immediately by dilution with a large

quantity of water [4].

Contact of concentrated hydrogen peroxide with the skin produces

severe burns. Contact with the eyes may result in blindness. The best

first aid in this .case is copious water washing of the affected areas.

Hydrogen peroxide vapor irritates and inflames. Its decomposition

"products are not toxic. Protective clothing - polyvinyl chloride

coveralls or an apron, boots and gloves - are worn in work with hydro-

gen peroxide.

OXIDIZERS BASED ON NITRIC ACID AND NITROGEN OXIDES

Nitric Acid

"Concentrated nitric acid was first proposed as an oxidizer in

the USSR. The widespread use of nitric acid in rocket engineering

despite its relatively low energy properties Is accounted for by the

* ~. Vullowliug a~ctors:

- at normal temperatures, nitrtc acid is In the liquid state,

which makes it easter to work with and, speoifiallys, makes it poSSible

to hold a iocket fueled and fully ready for launching for long periods

- nitric acid is a readily available and cheap product with a
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• Fig. 275. Short- Fig. 276. ""Erlikon-54"
'.,range "Corporal" antiaircraft rocket on
-"ballistic rocket twinned launcher (Switz-
S(USA). erland).

practically unlimited raw-material base and is in mass production by

"�..the chemical industry;

- with a number of combustibles (aniline, xylidine, furfuryl

alcohol and others), nitric acid forms hypergolic mixtures that do

not require a special device for ignition in the ZhRD combustion

chamber [ 31, 32).

Concentrated nitric acid is used as an oxidizer in many rockets:

the "Vanguard," "Corporal" (Fig. 275), "Nike-Ajax," "Jupiter" (USA),

"Veronica" (lFrance), "Erlikon-54" (Switzerland) (Fig. 276) and others

(333.

:Nitric acid is used In combination with various combustibles:

aniline, xylidine, 1lydrazine, unsymmetrical dimethyl nyd:razine, "Tonka-

--- 250" (a mixture of xylidine with triethylamine in 1:1 proportions),

* :kerosene and others (8, 33].
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TABLE 204

Energy Properties. of Fuels Based on Nitric Acid

*'4 - [5,05]S~3

7 AsoiTrma cneoTa + mm-xu"i
DOAOPOl . . 12,6 0,61 21 2930 298

"8 AMowan Hfc.o1a + rw..pasnt 1,6 1,28 21 2330 2439-.- p ovnorm xitenOn (850,) it Mo-
9 rupcolomflha3ova (15%) +

+r + rlpawn .... ........ 1,3 1,26 28 2750 247
10- A-O m0t XItcJ1o0a + fYy4yp'-

..onuti cnnpT .... ....... 1,9 1,37 21 2110 2M4
A"0Aowas miecaoa (78%)9o -

T:p"-o1oMcb. a3om (2290%) +
+ a.•mml .. .... ... 2,15 M42 28 2325 230

u,-IR• u4Ox..c•pm Jo (7816).ne-

rM3paan... ............. 2,6 1,23 28 2870 241

13'-,•Ao an IMCAo• + a UnRia . 3,0 1,37 21 2770 221
1 .. Aa-•ota HWCnon (78%) u qe-

.PcOX.• Mox 030no~a (22%) + -
+ Awi3iHM-1enTpPa.MM (80%) a

,-Q.U c. , c me,,,1.O3.oM (20%) 3,0 1,33 28 2900 240
15?.a "Mo.1an (H NO3 - 90%,

ll2SO, - 10%) + uouoanU-
aiti'Min . .......... 4,55 1,396 24 20"6 21016q0Tmj)0Xo0,nct. 30 +•' •-rUW-.
3U .. t t,2 28 2730 rh

1) Fuel mixture; 2) oxidizer-to-combustible ra-
* tlo; 3) density of fuel, kg/liter; 4) combus-

"tion chamber pressure Pk' kg/cm2 ; 5) combustion.

" """. chamber temperature, °C; 6) specific thrust,
kg.sec/kg; 7) nitric acid + liquid hydrogen; 8)
nitric acid + hydrazine; 9) nitric acid (85%)
aand nitrogen tetroxlde (15%) + hydrazine; 10)
nitric acid + furfuryl alcohol; 11) nitric acid
"(76%) and nitrogen tetroxide (22%) + ammonia;
12) nitric acid (78%) and nitrogen tetroxide
"(22%) + unsymmetrical dimethyl hydrazine; 13)
nitric acid + aniline; 14) nitric acid (78%)
"and nitrogen tetroxide (22%) + diethylene tri-
amino (80%) mixed with methylamine (20%); 15)
melange (90% HNO 3, 10% H2S04 ) + monoethyl ani-
line; 16) nitrogen tetroxide + hydrazine.

Calculated energy characteristics or fuels based on nitric acid

are listed in Table 204.

On an industrial scale, nitric acid Is produced by oxidation or

* .. :- ammonia by atmospheric oxygen in contact apparatus wit~h a platinum
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catalyst. The nitric oxide formed in this process is further oxidized

in special towers and autoclaves, first to nitrogen dioxide and then

to nitric acid.

The ammonia used for production of nitric acid is obtained by

direct eynthesit from atmospherio nitrogen and hydrogen, the latter

formed by passing water vapor through glowing coke ("water gas") [341.

In the last analysis, therefore, nitric acid is produced from air and

water, i.e., its raw-material resources are virtually unlimited.

Chemically pure nitric acid is a heavy colorless liquid (density

Tat .S7 -"B- ten-era--- re of 864 and freezes at _1.2 . Its

heat of formation is +42.4 kcal/mole and its heat capacity is 0.425

"kcal/mole. Anhydrous nitric acid is unstable even at subzero tempera-

tures, decomposing in accordance with the equation

4HN0 3  % 4NO,+%2O0+O,.

As a result, concentrated nitric acid always con.tains a certain

amount of water and oxides of nitrogen. The chemical industry pro-

duces technical 96-98% nitric acid, which is often referred to as the

"white fuming acid." This i1 a heavy straw-yellow liquid with a density

of 1.49-1.50 at a temperature of 20°. It "fumes" in air due to the

formation of fine droplets of dilute acid with the atmospheric mois-

ture. The viscosity of the 96-98% acid varies from 2.0 to 0.7 centi-

poise inr the temperature range from -200 to 50°C. The freezing point

depends on the composition of the acid. The 98.8% nitric acid freezes

at -42.3° With diminishing concentration, its freezing point is de-

S pressed, reachiing -68.5" for 90% nitric acid (6, 35].

Nitric acid is virtually immiscible with the majority of hydro-

carbons. Alcohols, nitrobenzene, dichloroethane, ethyl nitrate and other

- nitro- aGd halogen derivatives show excellent solubility in concen-

trated nitric acid. iere, e.xtremely high-explosive mixtures are
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a TABLE 205

Physical Properties of Oxidizers Based
on Nitric Acid (USA) [36]

1 noxasiaz WFNA j FNA

21'evlepaTypa n•nenni, C ......... 87,8 165,6
em•e paTypa saeOpsaanEu, 6C . . . . . -47 nume -50

-JOTnOCTh apn 209, e/cMa ...... 1,50 1,57C. 03RoM npn 200, ton . .. .. ... 0,M5 019
,•,.U•pyrocM' napes npn 200, AM pT. cT. 44 133

4... ,:5 Rooc Ia/o .. ..... 0.42 0,39

Note. In the USA, nitric-acid based
oxidizers are produced to conform to
Specifications NPD-579 and MPD-25508.
1) Index; 2. boiling point, C; 3) freez-

ring point, 4C; i) below -50; 5) density

at 200, g/cm3 ; 6) viscogity at 200 cst;
7) vapor pressure at 20 , mm Hg; 8) heat
capacity kcal/mole.

formed. Water mixes with nitric acid in all proportions. To increase

"the effectiveness of concentrated nitric acid as an oxidizer and to

improve its thermal stability, it is frequently used in mixtures with

"nitrogen tetroxide (about 20% by weight) (35]. Such a mixture has

higher oxidizing properties and a higher density than 96-98% nitric

-• acid. The nitrogen tetroxide in nitric-acid-base oxidizers undergoes

partial dissociation by the equation N2 04 0 2NO2 . Here, the relative

content of nitrogen dioxide increases with increasing temperature.

The brown coloration of nitric-acid-base oxidizers is due to the

presence of free nitrogen dioxide in them. Nitrogen tetroxide shows

Food solubility in concentrated nitric acid, but only up to a certain

a', conctiLkr.•_.Lori limit above which the system separates a* a given

* temperature. For example, only about 55% of nitrogen tetroxide dis-

solves In nitric acid at a temporature of 1&-200 (6]. Acid containing

up to 20% of nitrogen oxides is known as "red fuming nitric acid."

This Is a heavy orange-brown liquid that fumes heavily in air as a

..".. result of evolution of brown nitrogen dioxide vapor.

:" 878
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In the USA, the white and red

14 -,fuming acids are used as oxidizers

13 -? under the designations WFNA and RFNA.
12, -.
0I •The oxidizer WFNA represents 96-98%

nitic &o-ld, while RPMA containe

a approximately 15% of 'nitrogen oxides

7 / I and 3% of water [36]. The physical
.' • V

- .properties of these oxidizers are

A ' '4' listed in Table 205.

/ev The density of oxidizers based on

1,' -nitric acid depends on their composi-

S-tion and temperature [37]. On addi-

tion of water, the density diminishes,

,0 i 3 4 5 while it increases with increasing con-
"B Co"epxaue #1 4. ,e..

, Fig. 277. Density and kire- tent of nitrogen tetroxide (Figs. 277
matic-viscosity curves for and 278).

00

:.. the IiNO3-NO2 -H2 O system at

0 C. - Kinematic vis- An alignment chart (Fig. 278) may
"cosity in est; - - -

i density in g/cm3 . A) N02  be used to determine the concentration

content, % by weight; B) of water in the oxidizer from the spe-
S . ~H20 content, % by weight. .

: cntnt cific gravity of the oxidizer and

its nitrogen-oxide content.
The vapor pressures- of oxidizers based on nitric acid also depend

, **. on their composition and temperature (Fig. 279) [37].

With increasing content of nitrogen oxides in nitric acid, its

vapor pr'esaure riaes 3harply. Addition of water to nitric acid that

containS a 3maIl quantity of nitrogen oxides results in depression

of' th~ acid's vapol., pressure. On the other hand, Increasing the

water content in the IHNO 3-N20 4- 20 system when the nitrogen tetroxide

"conceentratilon i-' high (10-20%) results in a considerable rise in the
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Fig. 278. Density of N O- system as a

funct on of nitrogen-oxide and water contents
at 20 . A) Content of oxides of nitrogen, %;

"" B) water content, %; C) density, g/cm3 "

• ' system's vapor pressure due to the reduced solubility of the nitrogen

.,". oxides in the diluted nitric acid. Addition of water to such an oxi-

dier reult,s in vigorous evolution of nitrogen oxides and sharp heat-

Ing of the product.

The nitrogen oxides in concentrated nitric acid containing small

quantities of water are chemically bound with the nitric acid, form-

ing associated molecules correspondin, to the formula NO2 '2HNO 3 [6,

38]. This may account for the fact that the vapor pressure is smaller

and Lho den;3ity higher in solutions or nitrogen tetroxide in nitric

, acid than would be expected on the basis or the laws of Raoult, van'-

I* . .. *
. .- *. -* * 80. ..-

*- .-: * * . 4..t, **.t9:
,.. , -" " - " '2- -. " . . , t , 4.. .. % . . . - .. .
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00

.00 10 
do~~a~ a

B. T"C epam gc, .C
-. Fig. 279. Vapor pressure• Fig. 280. Freezing- i.-," of' HO 3 -N0 2 -H 2 0 system as point curves of' HN0 3 - ''

0a function of temperature. Nto4-H2O system. A)
•.-- 0%1H20; "10% 1120 content, % by !

", H2 0. A) Pressure, mm wegh;g); 0i~

60 ". egh;B 60 =
A co

BC tent, % by weght.

i Hoff' arnd others for ideal solutions.
•:•Dissolving nitrogen tetroxide in nitric acid makes it possible r

" ~to produce an oxidizer with a low freezing point (below -60°) (Fig.

280) [(37 ]. I

".]The system containing about 17% of' nitrogen tetroxide and 4% of'
Swater has the lowest fsreezing point (-78) .
SOne of' the substantial shortcomings of concentrated nitric acid

as an oidizer is its thermal instability. Even at normal temperature)
(20-50%), it decomposes into nitrogen tetroxide, water and gaseous

Soxygen. A) a re.ult of accumulation of oxygen in the vapor phase of,

Sthe oxidizer, large excess pressures (tens ofw atmospheres) iay be set

up in a ohermesically sealed tank durion storage.
Di, .o- T lie decompos gten ate of i nitric acid depends on its content of•

:w Ther sytmcotiinnbut1%o nit~rogen oeroide, and 4%l aof emeaurl

water ass ahsoetfreigpin -8)
.O nd of~U~ th usat hrcmnsoon cetae nircai

as an o i I sb881 -
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- The decomposition kinetics of
*.:vt %07 100%4 nitric acid at a temperature 01,

- -- - -760 and various ratios between the

volumes off the vapor and liquid

phases is shown in Fig. 281 (39].

The decomposition rate of 96%

nitric acid as a function of tempera-7

ture is shown in Fig. 282.

V0 J &VXW t M XXWith increasing content of' nitro-

~ O's"'gen oxides and water in the acid, the

Fig. 281. Decomposition
kinet ICS off 100% nitric acid rate off its decov..osition drops off.
at 76 and various ratios
between the volumes off the To improve the thermal stability off
vapor (V,) and liquid (VJ)

phass. A Prssur, atos-concentrated nitric acid, 16_20% off

phers; ) tme, inues.nitrogen tetroxide is added to it.

Oxidizers based on nitric acid that contain about 20% of nitrogen

tetroxide are stable in storage for all practical purposes. It is

-: not advisable to raise the stability of nitric acid by water dilu-

2 tion, since the energy properties of the oxidizer deteriorate sharply

when this Is done.

One of the most important shortcomings orf oxidizers base-d on

nitric acid Is their aggressive action on metals and nonmetallic

materials. Countering corrosion or the metals Is one or the major

pr*nhlems encountered in storage and use of nitric-acid-based oxidizers.

Almost all metals, with the exception of gold and platinutu, corrode

to a greater or lesser degree in concentrated nitric acid. Htere the

Vollowing chemical reaction takes place-

MI+2*Ia 10 8 -, it N04+^ 14O+A N 5)a

where, X stands for a metal that hat; a valence of n In It* oxidized

state.
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______ The chemically most stable metals

0,06 used in rocket engineering are aluminum~' 0, 0' t -
• .... ... .- -. - .-

'~ 001 :~L ~ :certain grades of stainless steel such
, 0,005 I A

-osteels (371. Ordinary low-carbon steel

A B Temnepam•pa, OC and copper, brass, bronze, lead and the

Fig. 282. Decomposition like undergo rapid deterioration under
rate of 96% nitric acid
as a function of tempera- exposure to oxidizers based on nitric
ture. A) Rate of decom-
position, g/day; B) tem- acid.
perature, C.

An undesirable factor in operations

corrosion, is the formation of sediment during storage of the oxidizers

in aluminum and steel tanks or rocket tanks. While they are first

gelatinous in nature, these sediments then condense and become solid

grains (6].

The corrosion rate rises significantly with increasing tempera-

* , ture. The corrosion rate of aluminum and stainless steels in oxidizers

based on nitric acid 13 ten times higher at 500 than at a moderate
•:,,•temperature (115-.200).

tmpeVarious :hbtor are Introduced to reduce corrosion or metals

in oxidi••-3 based en nitric acid [35). For example, hydrofluoric

acid (10) added to nitric acid In a quantity or 0.4-0.6% (by weight)

lowerz the corrosion Pate oC aluminum and stainless ateelS In both

the vapoe and liquid phajea by a factor of ýeveral hundred t37]. The

•.inbithb--1 actioni of hydrofluoric acid is accounted for in terr of

1Corawt610o1 04-1 4% PM-votLeCtove f'lde film. on the metal's 4surface.

...Ohoc ad "..uurlc acids are also empoyed as corrosion

Irh.bitor• . The adt4 ion of about 1% of orthophosphoric acid to nitric

" -883-
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"acid containing 16% of nitrogen tetroxide reduces the corrosion of

SAE-1020 steel by a factor of approximately 10 [4o].

Concentrated nitric acid mixed with 10% of sulfuric acid, whir','.

is known to the engineer as melange, can be stored and shipped in or-

dinary steel tank cars. The addition of sulfuric to nitric acid im-

proves the oxidizer's ignition properties but is detrimental to its

energy characteristics.

A shortcoming of concentrated nitric acid is its strongly mani-

fested hygroscopicity. Dilute nitric acid is characterized by higher

chemical activity toward metals than is the concentrated acid. This

factor must be taken into account in operations with the oxidizers.

If tne storage or rocket tanks holding the concentrated nitric acid

are not sufficiently airtight, particularly at points where there are

threaded and flanged connections, the oxidizer vapor forms the dilute

acid with moisture of the air and this3, condensing on the metal sur-

face, causes intensive corrosion. A similar effect may also be ob-

served at points of seepage and sweating of the nitric acid.

Oxidizers based on nitric acid attack

the majority of nonmetallic materials: wood,

fabrics, cardboard, rubber, most plastics,

and so forth. Fluoroplasts, woven glass,

.v'y. ., • ceramics, and various lubricants based on

"_ •" Ufluorinated hydrocarbons are stable in them

"for practical purposes.

Nitric-acid-base oxidizers are stored
Fig. 283, Spherical
tank for storage and and transported in special containers (tunks,

,T!Inwont of r'ed Cum-
.. in; nnitric acid, tank ,cars, drums) made from aluminum or alu-

,miriui alloys or, from stainless steel [35, 37). Underground and hair-

buried storage facilities are used in the USA. with each ,eevo-'
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fitted with its own pumping facilities, plumbing and other necessary

equipment [35).

Special spherical aluminum tanks with a capacity of 1440 liters

and weighing 1800 kg are produced for storage and shipment of red fum-

H • ing nitric acid in the USA; these are designed for a working pressure

of 14 atmospheres (Fig. 283) (41, 42].

Oxidizers based on nitric acid may also be stored in ordinary

steel reservoirs that have been inside-coated with fluoroplast or some

other chemically stable material (353.

Nitric-acid-base oxidizers are exceedingly aggressive products

*-whose handling requires observance of special precautionary measures.

Protective clothing is worn for work with the oxidizers - coveralls

or aprons, rubber boots and gloves, gas masks or protective goggles,.

and so forth. The most reliable protection is afforded by clothing

made from glass fabric that has been impregnated with an acid-resistant

plastic of the teflon type. Clothing made from polyethylene or Steklovi-

-:• nit cloth may also be used [351.

Serious attention must be given to fire-prevention measures in

storage of nitric-acid-base oxidizers, since on coming into contact

with combustible materials, these oxidizers may ignite them.

Oxides of Nitrogen

Apart from nitric acid, the oxygen compounds of nitrogen also

. include nitrogen pentoxide or nitric anhydride, nitrogen tetroxide,

nitrogen trioxide or nitious anhydride, nitric oxide and nitrous

* oxide, which is also known as "laughing gas."

The physicochemical properties of nitrogen oxides are given in

Table 206.

All oxides of nitrogen with the exception of N2 0 are more effec-

tive as regards energy properties than nitric acid, whose heating
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TABLE 206

Physicochemical Properties of Nitrogen Oxides
[30, 43)

m2 &3 4 -5 too

X 
i

I1MIIOKICM a30Ta N*0& 108 1,04 (200) 4 2 ar. Pawnk- - 13
urn 32 ramsC 18300

ltPOTMYOxOMch, a.oTa N,04  92 1,45 (200) -. 11,2 2t1 -31 M
+poxoXucb a3ora NOO, (3 2 1,45 (20) -102 4 0 -

•.t en a3oTa . NO 30 1,27 (- 1520) -- GI -152 -21*5 1010.53ancy a .o .. . NjO 44j1,23(-8S,5*)j -IV2 -885 1 -0,5 1310

1) Oxide; 2) chemical formula; 3) molecular

8eight; 4) density, g/8m3 5) freezing point,
C; 6) boiling point, C; 7) heat of formation,

kcal/mole; 3) heating value with toluene, kcal/
kg; 9) nitrogen pentoxide; 10) sublimates at 32;
11) decomposes; i12 nitrogen tetroxide; 13) ni-
trogen trioxide; 1) nitric oxide; 15) nitrous
"oxide.

value with toluene is 1470 kcal/kg.

As regards energy properties, nitrogen pentoxide is most effec-

tive as an oxidizer. However, it has not come into practical use be-

cause of its thermal instability. Even at normal temperatures, nitro-

gen pentoxide decomposes rapidly into nitrogen tetroxide and gase-..is

oxygen:

Of all of the above oxides, nitrogen tetroxide is of the greatest

practical interest. It is a stable product whose effectiveness is in-

ferior only to that of nitrogen pentoxide.

"Nitrogen tetroxide in pure form has not yet come into extensive

use in rocket engineering because of the narrow temperature range in

whIch It uxlutu it liquid £Mti at atmoepheric pressure (-11.20 to

+ 21.2)

Nitrogen tetroxide is mixed with nitric oxide to depress its

"freezing point. The mixture consisting of 70% N204 and 30% NO freezes

" " 'a886
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at -800 (36].

As regards its energy properties, such

*.... --C a mixture yields nothing to pure nitrogen

1,4J009------ tetroxide.

Sj A deficiency of the mixture is its low

k boiling point (-200). At 200, the vapor

pressure of such an oxidizer reaches 6 atmos-
•'.," 1000 -

pheres [36.

2000 At normal temperature, nitrogen tetrox-
Z0 0 20 60 100120 ide is a pale yellow liquid whose color turns

Fig. 284. Vapor pres- to brown as the temperature is raised. This
sure of nitrogen
tetroxide as a func- takes place as a result of dissociation of
"tion of temperature.
1 Pressure, mm Ug; the nitrogen tetroxide in accordance with
2 temperature, C.

the equation
NO4 t 2NO.

Nitrogen tetroxide is approximately 20% dissociated at 25", 40%

at 50°, and completely dissociated at 150.

"As a result of dissociation of nitrogen tetroxide, its vapor

pressure rises sharply as the temperature is elevated (Fig. 284).

Nitrogen tetroxide is readily soluble in concentrated nitric acid,

* tetranitromethane and certain organic substances: carbon disulfide,

aromatic hydrocarbons, naphthenes, and liquid paraffins, with which 'it

forms stable solutions. Unsaturated hydrocarbons, alcohols, amines

and a number of other classes of organic compounds react energetically

. with nitrogen tetroxide, frequently bursting into flame. It reacts

with water in accordance with the equation

N40,+HIO=HNO,+HNOt.

With regard to metals, pure nitrogen tetroxide is considerably

less active than concentrated nitric acid. N204 is stored and shipped

S- *887 -
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in steel bottles. Aluminum and steel tank cars and drums may also ue

used for these purposes [6, 41.

TETRANITROMETHANE

Tetranitromethane C(NO2 )4 , whose molecule contains a large quan-

* - tity of active oxygen, is a promising oxidizer, and more effective

than concentrated nitric acid.

-- - - -Tetranitromethane is produced by ni-

-- tration of acetylene with nitric acid [45].

,60C- ---

•/The reaction takes place in accordance

"•4 with the following over-all equation:

300:- - - 5HC=CH+38HNO$ C(NO2),+7CO.+26O2+24HP.

.-G- - - Tetranitromethane is a heavy mobile

0--20 i liquid with a faint green coloration and
"-':,', • TI/nfpqalmpa, t4

a sharp odor. Pure tetranitromethane has
Fig. 285. Vapor pressure
of tetranitromethane as a density of 1.643 at a temperature of 200,
"a function of tempera-
ture. 1) Vapor pressure, boils at 125 and freezes at +13.80 (6].•.'.." •Hz; 2) temperature,

C. The dependence of its vapor pressure

on temperature is shown in Fig. 285.

The heat of formation of tetranitromethane is 8.9 kcal [46].

Its viscosity at 15° is 0.0165 poise.

At normal temperature, tetranitromethane is a stable substance

and can be stored for years without undergoing any noticeable changes.

Only when heated above 100° does it undergo partial decomposition with

-'or',u•ion of nitrogen oxides and carbon dioxide. It has very low solu-

bility in water. It is stable in acid and neutral media. Tetranitro-

,methane reacts with alkalis to form explosive nitroform salts (6],

Tetranitromethane is itself a low explosive. Its mixtures with hydro-

carbons are highly explosive (45]. An important advantage of tetra-

nitromethaxie over nitric acid is its low corr-osive activity with re-

-.8-8d
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~~L%,

spect to structural metals and alloys.

Glass, stainless steel, aluminum and lead do not corrode in tetra-

2. .:, nitromethane. Iron, copper, and even polyvinyl chloride react readily

,K; with it. Brass, zinc, rubber and polyisobutylene deteriorate markedly

99* in contact with tetranitromethane (45].

An essential disadvantage of tetranitromethane, and one that

represents an obstacle to its use in pure form, is its high freezing

point (+13.8°). In view of this, it is recommended that tetranitro-

"methane be used after mixing with nitrogen tetroxide. A mixture con-

sisting of 70% tetranitromethane and 30% nitrogen tetroxide freezes

at a temperature below -250 (47]. Here, the oxidizer's energy proper-

ties remain practically the same as those of pure tetranitromethane.

Tetranitromethane is poisonous and severely irritates the mucous

membranes of the eye, nose, and respiratory tract. Symptoms of chronic

tetranitromethane poisoning include persistent headaches, fatigue,

languor and bradycardia.

Prolonged exposure of the organism to tetranitromethane gives

rise to nervous disorders and impaired cardiac activity [45].

FLUORINE AND FLUORINE COMPOUNDS

". Liquid fluorine and certain of its compounds - fluorine monoxide,

chlorine trifluoride, nitroxyfluoride, bromine pentafluoride, nitrogen

-, trifluoride, tetrafluorohydrazine, and others - are worthy of atten-

".4 tion as promising oxidizers (1, 2, 36, 53].

The physical parameters of fluorine and some of Its derivatives

are listed in Table 207.
'9 '9~ The basic energy characteristics of fuels based on liquid flu- "-

orine and some of its derivatives are listed in Table 208. %

Liquid Fluorine

-Fluorine is one of the most reactive chemical elements. The high

4" - 889-.
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TABLE 207
Physical Parameters of Fluorine and its Deriva-
tives [6, 9]

~2 ~34 57

O____________ • 4,- . - X E-

8 .mop . ..... F 38,00 1,11 -187') --..:23,0 -187,0 3120

lhpcunc-. oiopa 0 F, 70,00 1,45 (-570) -163,5 -57,0 34,30
Tp o xiopa CIF, 92,46 7,77 -82,6 + t2,1 2100,..'IH~poI4C2I7opfl . . FNO, 8t,00 1,51 (-46) -176,0 -45,9 2640
TpOX$TOPIICTUII 83WT NF, 71,00 1,92 (-208) -2085 -129 0' 22140"H"TO-• l l C'tou afl Gpoa BrF5  17446 2,4729 0) +4(•9 1780

"""1 1) Oxidizer; 2) chemical formula; 3) molecular

3
peight; 4) density, g/8m ; 5) freýizing point,

C; 6) boiling point C; 7) heating value with
hydrogen; kcal/kg; 8) fluorine; 9) fluorine
monoxide; 10) fluorine peroxide; 11) chlorine
trifluoride; 12) nitroxyfluorlde; 13) nitrogen
trifluoride; 14) bromine pentafluoride.

potential of fluorine as an oxidizer ha,. long attracted the attention

of investigators [6].

The ZhRD fuels presently in wideapread use make possible specific

thrusts of only about 230-280 kg'sec/kg with a 35-atmosphere combus-

tion-chamber pressure [48]. Liquid f'luorine is the most powerful of

all known oxidizers. In combination with such combustibles as hydra-

zine or ammonia, It delivers a specific thrust of about 305-316 kg'

""sec/kg at a chamber pressure of 25 ki/cm2 , or 373 kg'sec/kg with

liquid hydrogen [48, 49].

Under normal cGnditions, free fluorine is a greenish-yellow gas4/,.

with a sharp unpleasant odor. Liquid fluorine is yellow in color. Its

viscosity at the boiling point is 2.75 centipoises, and the latent

heat of evaporation is .. 58 koal/mole.

The chemical properties of fluorine are determined by its high

4, affinity to the electron. All reactions with fluorine take place by

donation of electrons from atoms of othe elements, i.e., the lorino

S,- --- *890.--



TABLE 208
Energy Characteristics of Fuels Based on Liquid
Fluorine and Certain of its Derivatives (5]

O-"oo.. 1O-! 3 4A 15
TOuno-na Il:.";Tonaauitax. euee& Itampe a

rope- I 01 , c rop %•"' . '

6 OTOp + DOAOpO. . 0,42 0,46 4480 380
OTop + DOoAjOPO ...... ........... ,8 0,27 2540 360

0 Top + riipasn3 . ........... 2 1,3 4260 280
9 OTOp +-0 a01..14 ............ 3 1,16 4020 3Wt TOP + .IUIGOP81. ...... ........... 5 1,07 4360 255"")Top + Moaimuo JP-4 2.......92 1,19 3980 275"M10Nooo0isc, lTopa + aIIIa. ........ 1,9 1,07 3340 260

"Moliooiieh 4ýTOpa + rnApasui .... i 1,23 3525 257
"TpuITopIIA xaopa + amiitax 3 1,26 2750 238
TpumTOp,,t x.uopa -I- rn,•aann ... 2,1 1,46 381 247
llera1Ta4ropuA 6posia + asM.tnaMi 8 6 1,8 3 245

"17 Iop (50%)7 U plDTOVI..t aaOTa (50%) +
;""ia*'mot2,8 I ,15 j 315 290

.- . . . . . . . . . . . . &S 11 315 2

"Note. The combustion-chamber pressure is
2assumed equal to 28 kg/cm

1) Fuel mixture; 2) oxidizer-to-combustible ra-
tio; 3) density of fuel, kg/;iter- 4) tempera-
"ture in combustion chamber, C; 5) specific
thrust, kg'sec/kg; 6) fluorine + hydrogen; 7)
fluorine + hydrogen; 8) fluorine + hydrazine;
9) fluorine + ammonia; 10) fluorine + diborane;
11) fiuorine + JP-4 fuel; 12) fluorine monoxide
"+ ammonia; 13) fluorine monoxide + hydrazine;
14) chlorine trifluoride + ammonia; 15) chlorine
trifluoride + hydrazine; 16) bromine pentaflu.
oride + ammonia; 17) fluorine (50%) and nitrogen
trifluoride (50%) + ammonia.

is always the oxidizer. Even at ordinary temperatures, it reacts

"vigorously with almost all organic and inorganic substances, and the

reactions are accompanied by evolution of a large quantity of heat and

frequently a flame. Chlorine burns in a fluorine atmosphere. Hydro-

carbons burn in fluorine just as they would in oxygen. Inert gases,

"fluorides of heavy metals, fluoroplasts and such elements as bismuth,

zinc, Lin, lead, gold and platinum do not react or react only insig-

nificantly with fluorine. Copper, chromium, manganese, nickel, monel

metal, stainles.s .teel and aluminum are practically stable in contact

% with fluorine when water is absent, due to the formation of a tough
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r • protective film of the corresponding fluoride on their surfaces.

At elevated temperatures, nickel and its alloys, as well as stainlu.;

"steel, show satisfactory stability [6].

"Fluorine reacts with water to form hydrogen fluoride and oxygen.

as well as small quantities of ozone, hydrogen peroxide and fluorine

monoxide. In the presence of a spark, fluorine reacts explosively with

atmospheric moisture.

Before the Second World War, elementary fluorine had been pro-

duced only in small quantities for laboratory purposes. The develop-

ment of research in atomic energy necessitated creation of a large

capacity for production of the fluorine needed to produce uranium

hexafluoride (50].

Liquid fluorine is now produced industrially in large quantities

(51]. The element has a broad raw-material base. Its total content in

the Earth's crust is 0.02%. The basic natural starting material for

the production of fluorine is fluorspar (CaF 2 ) [49].

One of the basic shortcomings of liquid fluorine, as in the case

of liquid oxygen, is its low boiling point (-187°). Under normal con-

ditions, it evaporates continuously and contaminates the atmosphere

with poisonous fumes. It has been necessary to develop special appara-

tus for the storage and shipment of liquid fluorine, and to take

special precautionary measures in work with it.

Gaseous fluorine is stored and transported in seamless bottles

"under high pressure. For the storage of liquid fluorine in the USA,

for example, special reservoirs made from stainless steel or aluminum

have beon developed [51), They conuist of three horizontal rosurvolru

inserted one Inside another. The first (internal) reservoir is filled

wILh liquid fluorine. The space between the walls of the first a~rt

second reservoirs is filled with liquid nitrogen, whose boiling poin "

-89-2-S..•
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is 140 lower than that of fluorine. This circumstance makes it possible

to store liquid fluorine under a light vacuum and prevent it from leak-

: ing into t;he atmosphere. A heat-insulating material Is placed between

the walls of the second and third reservoirs. Reservoirs for shipment

of liquid fluorine are similarly constructed; these are carried on

"special truck trailers or railroad platform cars.

At the present time, liquid fluorine in large quantities is

shipped in special tank trucks in the USA [18]. Transfer of the liquid

fluorine to the customer's capacity is accomplished b'y setting up an

excess pressure ir the reservoir with helium or by preheating the flu-

orine in a special tubing system.

A negative property of fluorine is its high toxicity. It has a

destructive effect on the mucous membranes of the eyes, nose and

respiratory tract, as well as on the integument. Even brief residence

"in a fluorine atmosphere may have a fatal outcome. The admissible

concentration of fluorine vapor in air is 0.001 mg/liter [20]. Placing

a finger or hand into an atmosphere of pure fluorine results in the

formation of lesions.

* ,. Neoprene jackets, trousers, boots and gloves are used to protect

- the skin from fluorine, and a closed-circuit gas mask to protect the

respiratory organs and the eyes. It is recomunended that goggles have

metallic 1'rawea, s-ince plastic frames may ignite in a fluorine atmos-

". phere [6]. Ltquid f'luorine may be neutralized with bicarbonate of

soda or l .'u.lut.lon of calcined soda (18]. Use of water to extinguish

fires thdt hfve broken out as a result of contact between fluorine

lb and orga:ilc mazeVi'a4 I-; not reconmmended, since the fluorine reacts

with it vioreo.,:1y to form toxic hydrogen fluoride.

D Fluorin;' < 1 iJ,

• flAmo~i.;-. aW I'lnIC derivatives, the most effective oxidizer is
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fluorine monoxide (OF2 ). Its advantages over fluorine conslsý ]n

higher boiling point (-144.8 0 ) and a higher specific gravity (I • >,

while exceptionally high toxicity is a drawback. The admissible con.

centration of fluorine monoxide vapor in air is 0.00001 mg/liter [2C.

At the temperature of liquid air, fluorine monoxide is a yellow liqu..

with brownish overtones. As compared with fluorine, the monoxide is

distinguished by lower chemical activity as a result of a higher ac-

tivation energy of decomposition. Self-ignition does not occur when

fluorine monoxide is mixed with hydrogen, methane and other organic

substances (9]. Concentrated alkali solutions decompose it.

Fluorine monoxide can be prepared by passing fluorine through a

"27% solution of alkali by the reaction [6, 9]

2F$+2NaOH • OF2+2NaF+Hs0.

"Chlorine Trifluoride

Chlorine trifluoride is a promising oxidizing agent. It delivers

approximately the sante potential specific thrust as nitrogen tetroxide.

Chlorine trifluoride is most effective when used in combination

with combustibles based on amines or hydrazines. It is less effective

with hydrocarbon combustibles [36].

Under normal conditions, chlorine trifluoride is a light green

Liquid chlorine trifluoride is characterized by a comparatively

high boiling point (+11.30), a low freezing point (-76.30), a nigh

density (1.85 at the boiling point) and satisfactory energy properties.

These facts, together with the possibility of storing It In tanks made

of ox-d1iary steel, enable us to regard ohlorino trifluoridu az a

promising oxidizer (52, 53]. It is produced as a result of reaction

of Vl'lorine with chlorine in a mixture with nitrogen In a copper ur

. nickel reactor at a temperatuure of 2800, with subsequent cooling of

4,. 8941
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the gas mixture to -700 (9].

- Chlorine trifluoride is produced on an industrial scale. As re-

gards itS chemical properties, chlorine trifluoride is an extremely

reactive substance. Many organic substances ignite spontaneously on

contact with it, as does glass wool, It reacts explosively with

water.

Nitroxyfluoride (Fluorine Nitrate)

Nitroxyfluoride is known as one of the most powerful oxidizers

[6]. Under normal conditions, it is a colorless gas with a character-

Sistic pungent odor and possesses high toxicity. It is produced in the

reaction of fluorine with concentrated nitric acid in accordance with

the equation [54]

-NO3+F, -• FNO,+HF.

Liquid nitroxyfluoride has a density 1.5 times that of liquid

oxygen. The use of nitroxyfluoride as an oxidizer in pure form is

rendered difficult by the fact that it possesses explosive properties

(54, 55).

Bromine pentafluoride also merits attention as an oxidizer; under

normal conditions, this is a liquid that boils at +40.50 and freezes

at -61.3°. This is one of the heaviest oxidizers. Its specific gravity

"at a temperature of 20° is 2.47 (9]. Bromine pentafluoride is an

7 extremely stable substance that does not decompose even at 4600.

"Bromine pentafluoride is an effective oxidizer, as is chlorine tri-

f luoride (5, 53].

1PERCHLORIC ACID AND CHLORINE OXIDES

Oxygen compounds of chlorine, which are characterized by high

chemical activity, may be employed aa oxidizers for ZhRD (9]. Anhy-

drous perchloric acid (HC10 4 ) and chlorine heptoxide (C12 07 ) are or

"practical intexezt. The salts or perchloric acid (chlorates and per-
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chlorates) have come into use as oxidizing components in solid rc..o''

fuels [56].

Chemically pure perchloric acid is a colorless liquid that funit .
0in air, has a density of 1.77, and freezes at a temperature of -112

The low freezing point, high density and high effectiveness make thiw

oxidizer highly attractive for applications in rocket engineering.

The boiling point of perchloric acid is 1100. On heating above 900,

however, the acid decomposes violently. Complete decomposition of per-

chloric acid takes place with evolution of heat, in 4ccordance with

the equation

.HC1O,-4-L110OC-,T+•-, 75 O%+15,7kcal.

Perchloric acid that has been subJect to partial decomposition

is colored from dark red to brownish. Unlike chlorine oxides, pure

perchloric acid has no explosive properties. However, addition of

small quantities (3%) of organic substances to it results in formation

Sof a highly explosive mixture [9]. Partially decomposed perchloric

acid explodes as a result of accumulatlon of chlorine dioxide, which

"*: has strong explosive properties. When perchloric apid is stored, it

decomposes in accordance with the equatio.
31'C10% 4 CiU,±O +H3O. M4.

-CI,O,.-,C.aO,+t 04.

The decomposition nr perchloric acid, which is autocatalytic in

nature, is one of ita most imporLarit shortcomings. Another important

deficiency of perchloric acid is its strongly manifested hygroscopicity,

which leads to the formation of hydrates and, as a result, a sharp

rise In the freezing po,•tt. Adc Ition o0 one molecule of water to the

parchioric-acid moleoule (11CI4, ' 1,0) ralses the freezing point of the

*• acid rrom -112° to 500, I.e., by 1620. This is accompanied by a ••rp -

"* '.. Increase in the viscosity of the perchloric acid.
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Organic substances (amines, unsaturated hydrocarbons, rubber,

"paper, cloth, wood and others) self-ignite, sometimes explosively,

* * on contact with perchloric acid. On striking the skin, it produces

deep painful burns. Aluminum and stainless steel are quite stable in

perchloric acid. Iron and ordinary steels corrode rapidly in it.

At normal temperatures, chlorine heptoxide is a heavy colorless

oil that freezes at a temperature of -83.1° and boils at 80.10 [6].

Its density is approximately the same as that of perchloric acid. In

storage, chlorine heptoxide undergoes noticeable decomposition. Like

other oxygen compounds of chlorine, it has a tendency to explode

under certain conditions. Organic materials (wood, paper, and so

forth) self-ignite on contact w.th chlorine heptoxide. It reacts with

water to form perchloric acid. Despite its essential shortcomings,

chlorine heptoxide is of interest as an oxidizer. Calculations Indi-

"* cate that a mixture of chlorine heptoxide (85%) and nitrogen tetrox-

ide (15%) is a more effective oxidizer than nitric acid containing

22% of nitrogen tetroxide (5].
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Chapter 27

MONOPROPELLANTS FOR LIQUID ENGINES

Monopropellants consist of substanzes whose molecules contain

"(in ,;heir composition) combustible elements and the required oxygen

for combustion, as well as stable mixtures (solutions) of combustibles

and oxidizers that do not enter into chemical reactions with one ano-

ther at standard temperatures. Such propellants do not require the

supply of an oxidizer into the combustion chamber during combustion.

Monopropellants also include the endothermic compounds which lib-

erate a great quantity of heat and gaseous products as they decompose.

'The advantage of monopropellants over bipropellants lies in the

possibility of simplifying the feed aystems and in the related possi-

* *X bility of reducing engine weight, since the utilization of monopropel-

lants eliminates the need for a second fuel tank, a pump, for devices

to mix the fuel components in the combustion chamber, etc.

The danger of explosion and the comparatively low heat of combus-.

:.j tion are significant shortcomings which stand in t1 way of the exten-

sive utilization of monopropellants in ZhflD (liquid engines). With a

combustible-oxidizer ratio equal to or close to the stoichiometric,

monopropellants tend to detonation under the action of friction, im-

pact, heating, or similar factors. In order to reduce the danger of

explosion It beoomes neoessae•my to design systems exhibiting a negative

oxySen balance, and this results in incomplete combustion, which, in

turn, has as its coneequence a reduction in the heat of combustion of *-

the propellant.
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Monopropellants are individual compounds or homogeneous mixtures

that are characterized by a constancy of the basic characteristics

(heats of combustion, the excess oxidizer ratio, the burning rate,

etc.),. determined by the composition of the propellant.

"•' "•At the present time monopropeilants are used primarily as auxil-

- iary fuels (propellants).

To start engines operating on monopropellants a special ignition

system is required.

MONOPROPELLANTS OF MOLECULAR COMPOSITION

The liquids containing chemically combined oxygen in their mole-

cules in quantities adequate to provide for normal combustion are in-

eluded in this class of propellants.

The esters of nitric acid and various mon-, bi-, and triatomic

alcohols (methyl nitrate, diethyleneglycol dinitrate, trinitroglycer-

ine), liquid nitroparaffins (nitromethane, nitropropane), etc., can be

used as such propellants (1, 2].

'- The physicochemical properties of certain nitro esters and the

lower nitroparaffins are presented in Tables 209 and 210 [1, 31.

Of the nitro-esters presented in Table 209 glycerine trinitrate,

ethyleneglycol dinitrate, and methyl nitrate are particularly note-

worthy in terms of the magnitude of the heat of combustion and in

terms of density. All three compounds are readily accessible. They are

"derived by the nitration of the corresponding alcohols with a mixture

of concentrated nitric and sulfuric acids.

In pure form and at normal temperatures these' compounds are quite

stable. However, they exhibit a great tendency to detonation, and this

is brcught about by the high oxygen content in their molecules. In the

ethylenuýlyol-dinitrate molecule the quantity of oxygen corresponds

* *. **. to the zqoi'ýhiomct:ic, and in the glycerine-trinitrate molecule the

-903-



quantity of oxygen is even higher than the stoichiometric. Such -oin-

pounds may be made to explode as a result of a shock, friction, a

nounced increase in temperature and pressure, contamination, and - *... *

ilar factors. As a result they are dangerous to handle and little

*. suited for utilization as propellants for liquid engines. -

* No effective means have as yet been found to suppress detonation

without impairing the basic properties of these propellants.

To reduce the danger of explosion from these monopropellants,

"they may be employed in a mixture with inert and explosion-safe sub-

stances that do not contain oxygen, or contain oxygen in small quanti-

ties. We know, for example, of the use of a mixture consisting of 70%

methyl nitrate and 30% methyl alcohol [1]. The utilization of similar

mixtures provides for more uniform propellant combustion, but the com-

pleteness of combustion in this case diminishes as a result of a lack

of oxygen to oxidize the combustible elements of the actual propellant

and the solvent.

* The dilution of methyl nitrate with 30% methyl alcohol reduces

the heat of combustion to 740 kcal/kg, i.e., by a factor of almost two

* in comparison with pure nitro esters, In terms of the heat of combus-

tion such a mixtu~re corresponds virtually to pure ethyl nitrate (see

Table 209), and this indicates the fact that there is little point in

using such mixtures, especially when we consider the fact that they

are not completely safe.

* ."In the USA a mixture of ethyl nitrate with propyl nitrate (speci-

fication MIL.E-26603) is used as a nitro-ester monopropellant in aux-

", iliary liquid engines, as is pure pi-pyl nitrate (specification ML.R.-

25576).

Of the nitrogen compounds, nitromethane is of practical interest

• a monopropallat (see Table 210). The nitroparaffins are obtained
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TABLE 209

Physicochemical Properties of Certain Nitric-Acid
Esters

2 '3. ,__ _ _ _ _ 4_ _

Moln•unTpaT ......... CHONO, 77 1,21 65 85,7t 1490 40
10 ST~wnupaT .. .. . ..... C1HONO* 91 1,12 87 .46,15 713 -

11fpnPUHsn. a . .. -C3 I ONO, 105 1,0 106 H 3,8 4
Id Hsonpons.nTpaT . . I-C4H6NO, 105 1,02 98 31,58

t13 3lnnenranHo,11AUa-UT-
13 pa.............. CH 4 (ONO,), 152 1,5085 (10.,x) '100,00 1581 20-25

14 3n1.enr. 0obitonoun-
5 paT ............. CH 4OHONO 107 1,35 92 (10.i ) 61,54 856 -

1.11ponnne-r.uxnb~unuT-
PTCsH, (ONO,), 16 1,37 92 (10.44) 66,67 1109 -

16 raurqepnsrpilU;nT*a 17(TplwuTporaimepnH) C"115(ONO_, 1,0 I'a.ia- 105,8 0485 4-8
I Iraercs

1 Esters; 2) chemical formula; 3) molecular weight;
41 density, at 200, g/cm3 ; 5) boiling point, °C; 6)
oxygen balance in % of stoichiometric; 7) heat of
combustion attributable to internal oxygen, kcal/kg;
8) sensitivity to shock (the drop hei ht of a 2-kg
weight), in cm; 9) methyl nitrate; 101 ethyl ni-
trate; 11) propyl nitrate; 12) isopropylnitrate; 13)
ethyleneglycol dinitrate; 14) ethyleneglycol mononi-
trate; 15) propyleneglycol dinitrate; 16) glycerine
trinitrate (trinitroglycerine); 17) decomposes.

TABLE 210
The Physicochemical Properties of Certain Nitropar.
af 1 fins

~' Tvpas 00 'A 8 P"'uI~ 11
1 2 3- t~

5: 9

:• I I a o1g 1
IlaTPOU"~AH C113NO1 61 1,13 101 -957314 1040 2281jI~ In~i

131ntpowas Ca11~ot 76 1,05 M0 30%77 CM80 434 Ji1fpastW(OC

14 1-uutponpoiiau q1 1N'o, 89 0,99 -M --- 3617T* c

1) Nitroparaffins; 2) molecularoWeight; 3) density,
at- 200, g/cm3 ; 4) temperature, C; 5) of boiling;

. : : y•.en balanee -.I %- co' the stc_-
combustion, 9) at-

trtbutable to [Key continued on following page]

V2 .-
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[Key to Table 210 continued]: internal oxygen; 10) during combust;ion
in oxygen;.ll) sensitivity to shock; 12) nitromethane; 13) nitroethanc;
14) 1-nitropropane; 15) slightly sensitive; 16) virtually insensiIv-
17) the same.

by the nitration of the corresponding hydrocarbons with concentratE.1

nitric acid at elevated temperatures.

Nitromethane is a colorless oily liquid with a boiling point of

1010 and a rather low freezing point (-290). With a negative oxygen

balance nitromethane exhibits a relatively high heat of combustion

(1040 kcal/kg). The nitromethane exhibits low sensitivity to shock and

friction (3, 4], it cannot be detonated by a standard detonator cap or

by the firing of a bullet through it, but it will explode if the ex-

plosion is initiated by a large trotyl [trinitrotoluene] charge [5].

The addition of small quantities of solvents (gasoline, alcohol) to

"the nitromethane somewhat reduces its tendency to detonation [6]. In

air nitromethane burns quietly with an almost invisible pale flame and

without detonation (7].

To improve the completeness of nitromethane combustion in the

combustion chamber of an engine, it is recommended that combustion

"7- catalysts (salts of chromium, cobalt, nickel, copper, lead, and man-

"ganese) be added to the nitromethane [6].

When using nitromethane, its reliable ignition in the engine is

of great significance; an ignition lag may result in an explosion.

According to the data of F. Bellindzher (sic] and his coworkers

(5, 8] nitromethane as a propellant exhibits the following operational

characteristics:

Heat of combustion, koal/kg . . . . . . . . . . . . 1040

Product-of-combustion exhaust velocity, m/sec . . . 1780

Temperature of combustion, . . . . 2 1

"Specific engine thrust, kg-seo/kg . . . . . . . . . 182

-906-* .. * ** a.... .t.,.



[.MIXTURES OF COMBUSTIBLES AND OXIDIZERS

* •,Monopropellants based on mutually soluble combustibles and oxi-

dizers can be obtained in two ways:

by the selection of a solution of a combustible in an oxidizer of

such composition, as will burn as a result of the internal oxygen while

being, at the same time, explosion-safe; such mixtures generally con-

tain an excess of combustible over the stoichiometric;

by preparing a stoichiometric combustible-oxidizer mixture with

the subsequent solution in this mixture of an inert substance (gen-

erally water) - not participating in the combustion - to reduce the

* explosive properties.

As an example of monopropellants obtained by the mutual solution

of combustibles and oxidizers we can cite the following mixtures [1,

6J:
concentrated hydrogen peroxide, ethyl or methyl alcohol, and wa-

* ter;

nitrogen tetroxide and benzene or toluene;

, tetranitromethane and hydrocarbons or their nitrogen derivatives;

tetranitromethane, ethyl alcohol and water.

Mixtures of combustibles and oxidizers have not yet come into ex-

tensive use in liquid engines, although research in this area is con-

tinuing. The dominant stress is being laid on seeking methods of im-

proving the stability of propellant mixtures during long storage, as
well as on the development of effective phlegmatizersolvents whose use

would make it possible to increase the power characteristics of the

"propellants.

MONOPR0IELLANTS BASED ON ENDOTHERMIC COMPOUN]DS

7- Certain endothe.rmic compounds liberating a great quantity of heat

energy and gaseous products of decomposition have found widespread

V i- 907-
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application as monopropellants. Such compounds: include primar. '% ,1

drogen peroxide, hydrazine, and ethylene oxide [9-li].

Hydrogen Peroxide -

In examining the properties of hydrogen peroxide as an oxic, I.

it has already been noted that it decomposes easily when heated or In

Iwo.

~~~~ e0-jf4bl010m~

8- 00 !

65 70 75 80 85 9095 10
5 Koluemmpaii u0 $. 0,p2 ro, %te,.

Fig. 286. Composition and temper-
ature of vapor gas derived in the
decomposition of various concen-
trations of hydrogen peroxide. 1)
"Composition of vapor gas,)%; 2)
volumetric composition; 3) gravi-
metric composition; 4) tempera-
ture of vapor gas; 5) concentra-
tion of 1202 in reactor, % by
weight; 6) theoretical vapor-gas
temperature, oC.

the presence of water- or oxygen-based catalysts. As a result of the

decomposition of 1 kg of hydrogen peroxide 690 kcal of heat are lib-

erated, as a result of which the products of decomposition (vapor gas)

are heated to 9750 and can serve as a source of reaction force. This

serves as the basis for the utilization of hydrogen peroxide as a

monopropellant.

'The deoomposition of hydrogen peroxide under the action of varl.

ous catalysts takes place rather "softly". and at a fast rate.

"The temperature of the vapor-.gas mixture formed during the de. ,-

position of the hydrogen peroxide is a function of the concentrati

-908
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K. ~~~140 .... K
85.,
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20--

0 JO 59 SU) W~ W,

Fig. 287. Specific engine Fig. 288. Diagram of
thrust as a function of hy- vapor-gas-generator
drogen-peroxide concentra- reactor operating
tion and the pressure in with a liquid cata-
the chamber. p) Pressure in lyst. 1) Coil; 2)
chamber; p0 ) pressure at frame; 3) hydrogen-

nozzl sec/g specific peroxide injector; 4)
nozzle outlet; I) e catalyst injector; 5)
,thust, kdrain orifice; 6)

drainage tube for va-
por gas; A) peroxide
inlet; B) catalyst in-
let.

of the latter (Pig. 286). The lower the concentration of the hydrogen

peroxide, the greater the water content in the peroxide, and a sig.-

nificant quantity of heat must be expended to vaporize and superheat

the vapors of this water.

The low temperature of the vapor-gas mixture that is formed

makes it possible to use the reaction of the hydrogen-peroxide decom-

positlon in the gas turbines that are used to actuate the liquid-en-.

gine pumps, as well as to design various simple liquid engines of low

S ... *r. power that vequire no cooling (booster engines, helicopter eignes,

torpedn •' zes etc.)-
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"Figure 287 shows the specific thrust of an engine as a AT,-t;i,

of the hydrogen-peroxide concentration [6].

.,To speed up the hydrogen-peroxide-decomposition reaction Jp,' :'-

catalysts are employed- pyrolusite (manganese dioxide Mno 2 ), suc:

P: permanganate NaMnO1 , potassium permanganrEte KMnO 4, calcium permangat .-

ate Ca(MnO4) 2 , sodium bichromate NaCr2 07 , and certain other sub-

stances.

I 2 2

0 tp ZO 3V 4W 50 W
2C•sepxaw& ,e4wamOm,,

Fig. 289. Diagram Fig. 290. Freezing point
- of vapor-gas-gen- of aqueous solutions of

erator reactor calcium permanganate as
"oprating on solid a function of its concen-
catalyst. 1) In- tration. 1) Temperature,
jector head; 2) OC; 2) permanganate con-
cover plate; 3) tent,,
catalyst charge;
"i reactor frame;
5 barrier; 6) va.
por-gas outlet
tube; A) peroxide
"inlet.

*-* The catalyst may be employed either In the form of an a(ueous

solution that is injected through a spray nozzle (injector) Into t1.h.

deoomponition chambe= simultaneously with the hydrogen peroxide, ,

It may be used in solid form. In the latter ease, the c'ernmic ri~ttns

against which the atomized hydrogen peroxide strikes Is soaked In

catalyst. One kilogram of aolid catalyst can decomnpue up to 2000

-910-
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of 80% hydrogen peroxide [12].

Vapor-gas-generator reactors using liquid and solid catalysts are

shown in Figs. 288 and 289.

The utilization of solid catalyEts is more convenient, since in

-. this form they can be placed into the decomposition chamber in suffi-

*'••-• cient time, and this simplifies the design of the engine and improves

the reliability of engine operation.

Of the liquid catalysts, the 28-32% aqueous solution of sodium

* permanganate (summer catalyst) and the 37-39% aqueous solutton of cal-

cium pennanganate (Fig. 290), exhibiting a low freezing point (winter

catalyst), are in use. The catalyst consumption amounts to 5-6% of the

*• consumption of 80% hydrogen peroxide [8].

The permanganates are rather powerful oxidizers. In aqueous solu-

tions they easily liberate the oxygen and can ignite many organic ma-

terials, When working with permanganates it is extremely important to

be very careful.

" Anhydrous hydrazine, as has already been pointed out above, de-

composea Into gaseous products (nitrogen and ammonia) at elevated

temperatures, liberating hea-t in accordance with the following equa-

3N4 .N,4.t* .' i *.04

Tito beat otr hydrasino deomp-4osition is oomp.aratively low -

3, 376 kcal/kS. To accolerate the hyVdrzine-ecamposiilon i.eaction cer-
* cmp •ld (oxides or irni, chroum, copper, and

Hydrazine may be used as a monopropellant for the operation or

the tu-r 'ýpump wz-seubfl.es In zwW (liquid (rocketj cttliaes) and In ond-

- A
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gines of low power [701.

-'Z,:, ,On the basis of the power indicators, hydrazine is not oi a b.t

with concentrated hydrogen peroxide.

Ethylene Oxide (C,4HO

In recent years ethylene oxide has been investigated as a mono-

"propellant [13-16]. At the present time it is used in the USA as a

propellant (specifications Mil-P-8845 and MPD-574) in auxiliary power-

plants of certain large ballistic rockets [16].

Ethylene oxide has found widespread application in industry pri-

marily as the initial product for a number of important syntheses; it

is being produced on a sufficiently large industrial scale. Ethylene

oxide is produced by the direct oxidation of ethylene [17].

At normal temperatures ethylene oxide is a colorless gas; it has

an ether-like odor, and it thickens easily into a clear, highly mobile

liquid which exhibits a boiling point of 13.50. The density of ethylene

oxide (p40 ) is equal to 0.884 and the freezing point is equal to

-1ll.5'. The physical properties of ethylene oxide as functions of

temperature are presented in Figs. 291 and 292.

A mixture of ethylene-oxide vapors and air can be ignited by

heating or by a spark in a wide range of concentrations - from 3 to

80%.

When heated in the presence of catalysts, ethylene oxide decom-

poses and liberates gaseous products of decomposition as well as heat.

in terms of heat of decomposition (726 kcal/kg) ethylene oxide corres-
.41

ponds approximately to powders. The theoretical decomposition of

("" -•lyQa 9oxzde can bo prz•ented in the following fom.,

cli - C1,74C0i-C1It-q.

S-,The actual decomposition of etlhlene oxide takes place in acco-.

- 912 -
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. with the following equation [61:
S -" CH-- CH,-t a CO "+ b CHc-#- C&,--+d•H,.

The formation of side products of decomposition C20 4 and H. re-

i uces the thermal effect of the reaction. The percentage composition

100 a--6"> •:ace _ me I I -

95 70

.- 90 -o Z B

S'• 4"0 .... 85 - 5. 0

75 -- 30~

' , 2 Temnepam)•pa,.% TCMTWnlMYPQ "C

Fig.aturated eth- Fig. 292. Density and vis-

ylene-oxide vapor pressure cosity of ethylene oxide
as a function of tempera- as functions of tempera-
ture. 1) Vapor pressure of ture. 1) Density; 2) vis-
.,e.hyvlene cxlde .' .- ; £) ccsLty; A) density x 102;
tperarure, . B) absolute viscosity,

poises x 10; G) tempera-
ture, 0C.

TABLE 211
-, Pressure, Temperature of Decomposition,

and Specific Thrust of Engine Operating
on Ethylene Oxide

I I

"40 1 1033 180,6

1) Pressure In engine chamber, atm; 2)
ternpep'ature of decomposition, 0C; 3)
-ýpecif ic Athrut kg- sec/kg.

* . - .

L..• ý" , , of othylene-oxide decomposition is a function of the

- 913 -



reaction conditions (the pressure in the combus ion chamber, tempe.ra-

ture, the catalyst, etc.).

Table 211 presents data on the temperature of decomposition ar . -

the specific thrust of an engine operating on ethylene oxide, at va-

rious temperatures [14, 15].

Ethylene oxide is stored in liquefied form in flasks or tanks,

under excess pressure. Ethylene oxide is comparatively safe in use,

but it exhibits a harmful effect on the human organism, as a result of

which preventive measures must be taken and observed in handling this

material.

In conclusion of this examination of propellants based on endo-

thermic compounds we should point out that, generally speaking, the

decomposition reactions as a source of. energy are distinguished from

"oxidation reactions, for example, by a low thermal effect. The thermal

" effect is substantially increased wher these compounds are used as ox-

idizers (hydrogen peroxide) or as combustibles (ethylene oxide, hydra-

"zine), since in this case the heat of the decomposition reaction is

added to the head of combustion.
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Chapter 28

FILTRATION OF FUELS

Aviation fuels are contaminated with mechanical impurities pri-

marily during the transportation, pumping (through the fuel system),

draining, and storage of the fuels. The mechanical impurities which

enter the fuels consist primarily of ferric oxide (scale), sand, and

carboniferous and fibrous substances.

* result of inadequate hermetic sealing of tank cars and storage tanks,

as a result of the improper cleaning of these tanks before filling

them with fuel, and primarily as a result of the fact that in the

majority of cases the tank cars, the storage tanks, and the manifolds

(fuel systems) intended for aviation fuels have not been provided with

protective anticorrosion coatings.

In view of the above-mentioned factors, as the fuel is moved from

the petroleum refinery to the user, the quantity of mechanical Impuri-

ties in the fuel increases. For example, in fuels arriving in railroad

tank cars the content of mechanical impurities reaches 15-20 mg/l,

whereas aircraft can be filled with a fuel containing no more than

± u•g/1 of mechanical impurities. Therefore, before a fuel can be re-

leased for utilization in aircraft it must be subjected to special

filtration and prolonsed mottling.

-TEMJE O OP AIRCRAFT

The volume of fuel tanks used in the latest types of gas-turbine

engine aircraft employed in transport and military aviation abroad

- 916 -
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'anges between 20,000 and 90,000 liters and is sometimes even higher

(Table 212). Consequently, for the complete fueling of a single air-

craft two railroad tank cars of fuel are required in certain cases.

At the present time aircraft fueling is carried out in two ways.

1. By means of high-oapaoity fuel truoks (up to 45,000 liters).

Powerful fuel pumps, supplying up to 4700 1/mmn of fuel are in-

stalled in large fuel trucks. In this case, no more than 15-20 minutes

are required to fuel an aircraft.

TABLE 212

Volume of Fuel Tanks in Certain Types of
Foreign Aircraft

OGOM Ton- 3 CHOPOCm ~ioaneon~?o
1 Tuu camoo .annux Ga- aanpa.nu aanpono'z-

RODC a.W- 'O-lJ3UDOMt UXM IOXOR

2  OTA, A A/J3W4 RA CaMOROTO

6 _a-oy.. .. ....... 0. 1800 2""611*paent'na-210 . .. . .. 0"400' t 350 2
7"Bqpuclo.1L-p'r.- ar,,,-31O 30 000 1 350 2
.XOnDInts3-liomea-4 . . .. 40800 2 000 2
1(onn-r-707-120 ...... ... . 5800 4700 4

lOoiounr-707 3ewmiou1u.ez-
ya,-- uanl,. .i ..... ... 89000 4700 4

-llAyr.iac D)C-8 ,m•io.ouTues-"
Ta.mtUU. . ........ .. 81700 3800 4

1) Type of aircraft; 2) volume of aircraft
fuel tanks, liters; 3) fueling rate, 1/min;
4) number of fuel inlets on aircraft; 5)

Vaykaund (Viscount]; 6) Karavella [Cara-
"velle]-210; 7) Bristol-Brittania-310; 8)
Kheviland-Kometa (Havilland-Comet]; 9) Bo-
ing (Boeing]-707-120; 10) Boing [Boeing]-
707 intercontinental; 11) Duglas [Douglas]
DC-8 intercontinental.

2. Delivery of the fuel directly to the airfield through fuel

. pipelines. In recent years this system ha gained widespread acep-

twilce abroad. Underground fueling tanks have been installed at a-ir.

field3 at the aircraft-fueling stations. Each such under round tank is

. ulpped with several flexible hoses by means of which an aircraft can

v' fueled through several fuel inlets simultaneously.
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*.In the technical literature we find the opinion that this is the

only method to resolve the problem of simultaneously fueling a large

number of aircraft (particularly in-transit aircraft) at major air-

fields, because heavy fuel trucks take up so much space at an airfie-,i

that they occasionally disrupt the normal operation of the field.

DURATION OF AIRCRAFT FUELING

Regardless of the volume of fuel involved, no more than 30 min-

utes is permitted for the fueling of transport aircraft,.flying do-

mestic and international routes in the majority of countries in Eu-

rope, Asia, and America. This time period includes 5 minutes for prep-

aration and 2 minutes for the passage of the fuel through the aircraft

tanks.

To reduce the fueling time, and this is particularly important

*,-• for in-transit aircraft, a system of simultaneous aircraft fueling

"- through several points (fuel inlets) (2-4) is employed as are high

rates of fuel feed through each manifold (Table 213).

.i Depending on the quantity of fuel being delivered to the tanks

of an aircraft, the minimum required fuel-feed speed to ensure an air-

craft-fueling duration of no mo,e than 30 minutes is selected. However,

"TABLE 213
Rate and Duration of Aircraft Fueling

t~fl~U3 U I4U 0WO s ~O 4"Ram~o 63"sa~2 ODD700 A 63SODD A

2750 5t5 two- 43 0M .30 irnu. 43 eem
M650 U1 & M 30 24 a 48.4550 112 * 12.# 21 6 12*

1) Rate of supplying fuel to aircraft
tanks, ilimn; 2) d~ration of aircraft fu-
eling; '3) tank capacity; 4) tank capac-.,
Ity; 5) 15 min. 43 sec.
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:• view of certain difficulties in the removal of the static-electri-

city charge that arises at high pumping speeds and in the case of fuel

--- ''iltration, it is desirable to maintain a fueling (supply) rate that,

in actual practice, does not exceed 4700 ./min.

At a fuel-feed rate of 4700 I/ain for the fueling of, for exam-

ple, a Boeing-707 aircraft with a fuel-tank capacity of 89,000 liters

no more than 27 minutes are required, and this satisfies completely

the international norms for the duration of aircraft fueling.

* METHODS OF EVALUATING FUEL PURITY

Fuel-system units for aircraft with gas-turbine engines are ex-

tremely sensitive to the presence of mechanical impurities, tars, and

water in the fuel.

At the present time, both here and abroad, it is the practice to

*:. maintain that in order to provide for normal operation of the fuel-

. and automatic-system units of aircraft the fuel should contain no

mechanical-impurity particles larger than 5 P. The quantity of mech-

anical impurities should not exceed 1 mg/l of fuel.

"Under operating conditions, prior to the release of a fuel for

purposes of aircraft fueling, it is checked for the presence of water

and mechanical impurities. The evaluation of fuel purity is carried

out visually, and in the majority of cases without the use of any in-

struments or reagents.

The Method of Visual Fuel-Purlty Evaluation Used in the Soviet Union

Before a fuel is released for purposes of aircraft fueling a

100-250 ml specimen is taken. The specifications state that this fuel

""peclmen, poured into a glass cylinder 40-55 mm in diameter, should

be transparent and should contain no water or extraneous impurities

"Ia.Iat are either in suspension or have settled to the bottom of the

-cylinder.
•gig



The cited method is far from perfect because a fuel that has been

evaluated as pure may contain as much as 10 mg/l of mechanical impuri-

. ties when analyzed gravimetrically. However, the method of visual fuel- -

. purity evaluation is widely used in practice.

The Method of Visual Fuel-Purity Evaluation Used in Great Britain

o In Great Britain the purity of an aviation fuel, released for

aircraft fueling, is checked by a method of visual evaluation of the

condition of the boundary of separation between the fuel and water.

The essence of this method consists in the following.

A fuel specimen of about 100 ml is taken and poured into a glass

cylinder into which an approximately equal quantity of pure distilled

'" water is added. Then the fuel with the water is thoroughly agitated

L. and left to settle for a period of 2-5 minutes.

"After the fuel and water have completely separated, all of the

"- mechanical impurities and undissolved tar and carbon substances (if

such are contained in the fuel) are collected from the boundary of

separation between the fuel and the water.

The condition of the fuel-water boundary of separation is evalu-

ated In accordance with the following fou,-point system.

"Visual Evaluation of Fuel-Water Boundary of Points
Separation

Boundary of separation is transparent and

SSeveral small bubbles around the periphery* or the boundary of separation lb

Interlaotd film with small quantity of
m echanical-impurity particles !kt bound-
ary of separation . . . . . . . . . . 2 . . . . .

Freely floating interlaced film and/or
slight collection of scum at boundary of
separation . . . . . . . . . . . . . . . . . . 3

A Light interlaced film and/or heavy collec- -.
tion of scum at boundary ofs sparation . . . . . . . 4
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Fu P.els with a visual evaluation not lower than 1 or lb are accep-

table for aircraft fueling.

FUEL SETTLING

Settling as a method for removal of the basic mass of large mech-

anioal-impurity particles and emulsified water from the fuel is suffi-

ciently effective and is used on a widespread scale in engine opera-

tion in all countries.

In Great Britain, no fuel Is released for aircraft fueling in

transport aviation until it has been permitted to settle in a station-Lu
"4.'. ary tank. The following duration norms for fuel settling in airport

"* ..'* tanks have been established.

"1. For settling of aviation gasolines no less than 50 minutes per

- each meter of gasoline depth in the tank are required.

2. For the settling of Jet fuels of the aviation-kerosene type no
Sless than three hours and twenty minutes per each meter of fuel depth

* in the tank are required.

TABLE 214
Duration of Fuel Settling (According to
Baldwin's Data)

4.,^ .... 2 .... 8e sioct .
* I lCOPT TcuMAM 3 %ACMrn unit-

4s ! soter It eo
Ab-.6e.u. .. o "8, 40Ma.
Topos JP(ut T-2 . : j9 6 m. 3me

1) Type of fuel; 2) duration of settling;
*3) small drops of water;, 4) particles of

mechanical Impurities 5 IL in size- 5)
aviation gasolines; 6) JP-. fuel (type T
"2); 7) JP-l fuel (type T-1); 8) 59 mn.-
"utes; 9) 5 hours.

. It has been established experimentally that finely dispersed w•a-

:..:,..,.ter and the tiniest particles of mechanical impurities (scale) settle
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2 out very slowly and, consequently, it is difficult to remove these

from the fuel even in the case of prolonged settling. At the same tine,

"the higher the viscosity and density of the fuel (propellant), the

slower the settling out of the mechanical-impurity particles and the

drops of water and, consequently, the greater the time required for

fuel settling (Table 214).

We can see from the cited table that small drops of water and

mechanical impurities settle out from the T-1 type of Jet fuel more

slowly (by a' factor of 9-10) than from aviation gasolines which are

" less dense and exhibit lower viscosity.

It is precisely for this reason that the removal of water and

mechanical impurities from Jet fuels by the settling method is sub-

stantially more difficult than in the case of aviation gasolines.

PARTICLE SIZE OF MEOHANICAL MUEL IMPURITIES PRIOR TO FILTRATION

Even after prolonged settling an aviation fuel may contain sub-

stantial quantities of mechanical impurities. In individual cases the

content of mechanical impurities in fuels, after settling, may attain

10 mg/i of the fuel

In terms of size the mechanical impurities may vary greatly. Be-

low we present a typical composition of mechanical impurities, ex-

tracted from avlation keros ne-after settling.

SCOntent of Mechanical $a- Particle Size of Mech.
puritles,, % by Weight Wnioal Impurities, it

12 1-.5

.12 5-10
14 10-.20
23 '20-40

-30 -40-.60
"" 9 So0

The bAbic source of cottnitiato in aviation fuels Is &,ao Z =- "

rust (scale) frwm tanks and Nel .sytems, etc.

4a-, -9221-
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To reduce contamination of fuels during storage and pumping at

2 the airfields, in recent times it has become the widespread practice

"abroad to use tanks and fuel systems (manifolds) that have been cov-

ered with various anticorrosion coatings which, at the same time, pro-

vide for the heametio sealing of the tanic.

These measures are particularly effective, since the basic

source of fNel contamination with mechanical impurities (scale) is

almost completely eliminated.

For the removal of mechanical impurities from a fuel which has

been released for aircraft fueling, the fuels must be filtered and

for this purpose special high-purity filters of various designs are

"-employed. At the present time the following types of high-purity fil-

ters are being used: paper, metalloceramic, and screened filters,

"which remove all mechanical impurities greater in size than 5 P from

the fuel.

High-purity filters are installed not only on fuel trucks, but in

the fuel system of an aircraft as well. This is done to prevent the

entry of mechanical impurities into the fuel control unit, into the

high-pressure pumps, and into the spray nozzles (injectors) of the

gas-turbine engine.

In transport aviation In the USA it is generally held that a fuel

must be purified of mechanical impurities before it enters the air-

eraft's tanks. Therefore, slightly coareer filters than those employed

in the filtering procesa during aircraft fueling are always Installed

in aircraft fuel systems. For example, In fueling DC-8 aircraft the

"u fuel is filtered through microfilters; this filter can remove all

meclhnical impurities that are larger than 5 4A in size, while hih-

puxity filters designed to remove particles greater than 10 IL in size

are installed in the fuel system of the DC-s aircrart.

- 923-
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With this system of filtration all danger of clogging the a-!

craft's high-purity filters with mechanical impurities is removed.

To eliminate the danger of clogging the filters ic. a DO-8 air-

craft with ice crystals provision has been made for the heating of th)

fuel, and as a result it is possible always to maintain a fuel temper-

ature above 0° in the vicinity of the filters.

Many factors affect the ability of the fuel to pass through the

high-purity filters.

The small quantity of tars which can be found in standard Jet

fuels, and are generally identified as actual tars, virtually do not

clog the filters.

However, it has been noted that if free water is present in a

fuel, the tars associate with the drops of water and may settle out on

the filter, thus causing the clogging of the filter pores. This comes

about as a result of the fact that the products of fuel oxidation

(tars), on associating with the drops of water, cause the latter to

become sticky, and this explains their adhesion to one another, which

results in the formation of a tar film on the filter. Therefore, in

the filtration through high-purity filters of fuels that contain par-

ticularly large quantities of tars., we can sometimes observe the foul-

ing of the filters with tars, and this serves to reduce the full-flow

capacity of the filter. This phenomenon is particularly pronounced

when filtration is ctrried out with paper microfiltera.

Insoluble substances or contamination in a fuel impairs the full

- flow of fuel through the filter. However, the speed with which a fil-

ter is choked off and the reduction of fuel filterabliity a.re func.

tions not only of the quantity, but of the natuie of these impurities

and insoluble substanceS. Sticky substances, capable of adhering to

-the surface of the filter or to clog its pores, have a particularjl,
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2onounced effect in the reduction of fuel filterability.

Fuel filterability is impaired when the fuel is cooled below the

cloud point, because of the crystallization of higah-melting hydrocar-

bons.
b*1

We have by no means presented %I1l of the faotors which may have

an effect on the ability of a fuel to pass through high-purity fil-

ters, since for a complete evaluation we would have to present a

classification and all of the types of filtering elements in the fil-

ters.

If a fuel exhibits poor filterability as a result of the pre-

sence of insoluble substances in it, the addition of a small quantity

of water to such a fuel would reduce the filterability even more.

The presence of dissolved (hygroscopic) water in a fuel at plus

temperatures has no significant effect on the filterability of a fuel.

The flIterability of a "wet" fuel is sharply imrpaired by -soling as a

result of the settling out of tiny drops of water and the formation of'

ice crystals which are held back by the filter.

Removal of Ice Cr stals from a Fuel by Filtration

Ice crystals form in fuels as a result of the freezing of the

water dissolved in the fuels when there is a sharp drop in fuel temp-

erature during the winter. Sometimes these ice crystals come into the

A -fuel ffom the outside in tho fo'm of rime, which has formed on the

walIs of the aircraft and storage tanks.

The shape and size of the ice cryatals formed in the fuel are

.unctions of the rate of cooling and the presence of extraneous mech-

anical impurities in the fuel.

•" Bai .'s projects ](2 established that with rapid coolirZ of a

""'•ue extremely S=all Ice crystals (4-10 P in size) are, as a rule,
.".

-7Jo.=ed; uith slow c•o~ini of the Nuel, the crystals will be larger in

925
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-size- of the order of 15-40 P.

In the absence of mechanical impurities in the fuel, the ice

crystals are basically small and slightly elongated. With the pre-

sence of mechanical impurities in the fuel, and particularly if thes(

are of fibrous materials, the ice crystals are somewhat larger and

they collect like small beads on the finest of the fibers.

Abroad it has become widespread practice to employ various de-

signs of microfilters (paper, metalloceramic, and screened) for pur-

poses of filtering aviation fuels, and these filters provide for the

removal of impurities whose particle size is greater than 3-5 P.

In the filtering of a fuel through such microfilters, the basic

mass of the ice crystals can be removed from the fuel. In the filter-

ing of a fuel through linen fi .rs which provide for fuel filtration

to 20 I, only a portion of toe ice crystals can be removed from the

fuel.
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FIRE CHARACTERISTICS OF FUELS

GENERAL INFORMATION

The petroleum fuels used in aviation and automotive transport are

easily ignitable combustible liquids whooR vapors combine with air to

form explosive mixtures.

Under operating conditions in automotive transport and in air-

craft the fuel may serve as a source of fire in the following cases:

1) in the case of the flashing (ignition) of the fuel vapors by

an open flame, a heated wire, or an electric spark;

2) in the case of autoignition of the fuel if it should happen to

come into ccntact with a heated surface, given that the temperature of

,-: this surface will be higher than the autoignition temperature of the

,'. fuel;

3) in the case of the explosion of the fuel vapors in the gas

space of the tanks or in some other closed space, or in the case of

the appearance of a static-electricity discharge.

To evaluate the potential danger of fire from petroleum fuels,

the following basic characteristics are employed:

f1 I) the temperature limits for the formation of explosive fuel-

.. .. vapor and air mixtures;

2) the concentraticn limits of explosive mixtures;

3) the autoignition temperature for a fuel in contact with a

highly heated surface;

4) the flash point of the fuel.

- 27



Combustion and Flame Propagation

One of the most important combustion characteristics of a fuel-

air mixture is the rate of flame propagation. It is precisely this

characteristic that to a significant extent determines the fire dan-

", ger of a fuel.

At the temperature of the flash point and higher a combustible

mixture forms over the open surface of a liquid fuel. If this mixture

were to be ignited by an extraneous source, the flame would propagate

over the surface of the liquid fuel at a rate of 1.2-1.4 m/sec.

* In a fuel-air mixture held motionless in a closed tank or set in

laminar motion the flame will be propagated at a rate of 0.3-

"0. 6 m/sec. Under conditions of the turbulent motion of the mixture,

depending on pressure, degree of turbulence, and composition of the

mixture, the flame will propagate at a rate of 10-30 m/sec.

Fuel Flash Point

The flash point of a fuel is the temperature at which the fuel

vapors, heated in a apecial closed instrument, form a mixture with air

TABLE 215
Effect of Vapor Pressure of Jet.
Fuels on Flash Point

"2 1 12J•a.•e uE, j3 Bcnumxa

1 TOMW apos Upw, 3 (rOOT 142143).

4 cccr
T-1 25 30

5 TMt 3 I 2
"T-2 75 -4S....T-2 too -14•-.6 B-70 2W -28

1-530 320 -38
7 Aurn0 +

JP-B to15 13

JP-4B to0 -23

1) Fuel; 2) vapor pressure at
[Key continued on following page)
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[Key to Table 215 continued] 390 mm Hg; 3) flash (GOST 1421-53), °C;
4) USSR; 5) TS-I; 6) B-70; 7) Great Britain.

which flashes when a flame is brought close to it (GOST 6356-52). Re-

search in recent times has established that given the fuel flash point

esaablished in a olosed vessel, the vapor pressure of the fuel in

question attains 7-10 mm Hg. Consequently, if the flash point of the

T-1 fuel is equal to 30°, at 300 the pressure of its vapors would at-

tain approximately 7-10 mm Hg. The flash point of the T-2 ftel is

equal to -140; this means that at -140 the vapor pressure of the T-2

fuel is equal to 7-10 mm Hg.

When the flash point is attained over the surface of the fuel an

explosive concentration of fuel vapors in the air is formed. The flash

point is a direct function of the fuel-vapor pressure: the higher the

vapor pressure, the lower the flash point; this is clearly shown by

the data presented in Table 215.

Classification of Fuel Fire Danger According to Flash Point

In the Soviet Union and abroad the fire danger of petroleum fuels

is frequently clas&.fied in accordance with the flash point (Table 216),

TABLE 216

Classification of Fire Danger of Petroleum
Fuels, Adopted by the Ministries of Sea
and River Fleets of the Soviet Union

2'To(tuOPfTypa CULUMHU TOURUD, 0
lJt'3acC (pn3pu;.) PY..o-cTao JA 5-M, . M 108,

orneonacuoc=u 1'4as 1948 r. MauMcTopcMa 27/ v1a951 r. Musx-
3 iuopcaoro $nOTa azepcTBa petuoro

"aI wHo 28 Hume
S . 6 --865 28--4

665 u-Bum 45-120

1) Class (category) of fuel fire danger; 2)
fuel flash point, C0; 3) specification No.
5-M., 1948. Ministry of Sea Fleets; 4) order
"No. 108, 27 April 1951, Ministry of River
Fleet; 5) below 28; 6) 65 and higher.
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determined in a closed crucible. This classification is extremely irn-

perfect and, at best, yields only an approximate idea as to the acw.-..

danger of fire represented by various grades of petroleum fuels. (,w-. .

ever, this method of fuel classification has been adopted in the S.

In accordance with this classification, a wide fractional-compo-

sition fuel of the T-2 type and aviation gasolines are graded as rep-

resenting the I-class of fire danger. T-l and TS-I fuels, having a

flash point of 280 and higher, are graded into the II-class of fire

danger.

Temperature Limits for the Formation of Explosive Fuel-Vapor Mixtures

Explosive mixtures of fuel vapors with air are formed only within

a definite temperature range.

TABLE 217
Temperature Limits for the Forma-
"tion of Explosive Fuel Mixtures
at Ground Level E1]

TomwepnyiTyrno !lpeAeRM
1 2 o6paaotauuta 03pH50-
i TOI~~annO auxOcua~twf i, OC

S .... • ,,,,,• j4 aopxuzuf

A-0O -39 --8
A-74 -386 -7
B40 -34 --4

' 5 S-9g/ttO -38 -5
B-95/130 -37 -5

-too/130 -34 -4
T-2 -18 +A4

6 TrA 4285
7 WOpoezu oCzoalITea•amul +57 +87

S-" (ncn-mza 4• •')

1) Fuel; 2) temperature limits for
the formation of explosive mixtures,
"00" 3) lower; 4) upper; 5) B-91/115;
6) TS-.; 7) illuminating kerosene
"(flash) + 580).

It is the practice to consider the upper and lower temperature

limits. The lower temperature limit is the minimum temperature at

which fuel vapors in a closed tank space will form an explosive mi-
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ture. With a further drop in fuel temperature the mixture is so leaned

* -that it becomes difficult to ignite. The upper temperature limit is

the maximum fuel temperature at which the mixture of the vapors with

air still exhibits explosive characteristics. With a further increase

* S in the temperature the mixture is markedly overenriched with fuel va-

pors and becomes incombustible.

At the lower temperature limit the vapor pressure of the fuel at-

tains a certain magnitude at which, in the closed space of the tank,

the formation of an explosive mixture is possible.

The temperature limits for the formation of explosive mixtures

for various fuels are presented in Table 217.

FIRE CHARACTERISTICS OF DIESEL FUELS AND TRACTOR KEROSENES

Because of low vapor pressure and limited volatility, diesel

fuels and tractor kerosenes are significantly less dangerous from the

standpoint of fire than are gasolines. However, autoignition tempera-

tures of these types of fuels are somewhat lower than the autoignition

temperatures of ethylated gasolines. The temperature limits for the

formation of explosive diesel-fuel mixtures lie substantially higher

"than the temperatures encountered during operation and, therefore, the

formation of explosive concentrations of diesel-fuel vapors with air

under normal conditions is difficult.

According to the data presented by M.G. Godzhello [sic], the min-

imum temperature for the formation of explosive mixtures of diesel-

* fuel vapors lies within a range of 57 to 760 (Table 218), and the up-

* F*: . per boundary lies above 1000. Consequently, under normal conditions of

operation the formation of explosive concentrations of diesel-fuel va-

pors is highly unlikely. However,.we must take into consideration that

in the case of the atomization or spraying of a diesel fuel explosive

concentrations of its vapors may form at substantially lower tempera-

"- 931 -



tures than arse encountered in steady-state evaporation.

Tractor kerosenes are lighter in fractional composition and r!',p-

resent a greater fire danger.

In terms of fire danger they approach gasolines, and the illwa-

inating kerosenes come close to diesel fuels (see Table 218).

TABLE 218
Fire Characteristics of Diesel Fuels and Kerosenes

Temnepa- TemneepaTy- ToiaCpaTyp1uu nporeA
Tonmnso 2 TYpa pa canuoc. 4 O6POul "Pua0

acuuunltu. ulaamenerun, OIIOCut CM8Cd• OC

~~ 5nsnurtl nepinng

8 78 ,240 69 It9
__9 4 .330 5? 105

A":C 02 345 76 11s
7t 3M0 62 t00

12 liepocm Ypaiop-u- 28 260 26 65
"30 240 30 54
M8 255 t5 44

• 4 200 5 35
13ltepocu owna•mA 48 265 45 88

t5 235 43 75
58 250 57 87

1) Fuel; 2) flash point, 0c; 3) autoignition temp-
erature, 00; 4) temperature limits for the forma-.
tion of explosive mixtures, °C; 5) lower; 6) upper;
7) diesel; 8) DZ; 9) DA; 10) DS; 11) L; 12)"tractor
kerosene; 13) illuminating kerosene.

TEMPERATURE ZONES FOR THE FORMATION OF EIXPI)WIVE MIXTURES AT VARIOUS

ALTITUDES

For various grades of fuels exhibiting various saturated-vapor

pressures and, consequently, exhibiting various degrees of volatility,

sufficiently well-defined temperature ranger, have been established and
within these explosive mixtures may form at various altitudes.

With ascaet as the external atmospheric pressure is reduced, ft'I

': : [evaporation irnoeases. As a result at some altitude an explosive mix-

ture of fuel vapors and air is formed at substantially lower tempera-

tures than would be the case on the ground, at normal atmospheric pi, -..
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sure. Therefore, the temperature zone of explosive mixtures in terms

of altitude shifts in the direction of lower temperatures.

TABLE 219
Beginn•ng of Formation 0f Overenriched Mixtures

' Toua~o I JMofln npe i ,apo1 31'e,-neP aYPue np SOM PUDO"
nionanna Bps i8'. ,Cm b na sucote 15000 4C
JAM • T. C . ..

S!~ I* .4324uf I5-ox
T-1 25 5 40
TIC-1 35 0 20*T-2 100. -22 5

A. B540 200 -30 is

1) Fuel; 2) fuel-vapor pressure at 380, mm Hg; 3)
temperature limits for explosive mixtures at an
altitude of 15,000 m, C; 4) lower; 5) upper.

. • ,Lj:,L! ,. !-ll~u .. • ! I tl iv 1I l , [

14W . 1 1 1 -1 - gg
o 4.L'J L I_ ,, ol i . l '4i"_-E -O• -0 10 4 AM & • -O O •O*

44.

J5, alitd %fe-ao~rs suesomEa 3°.I

Fig. Aliue: m, T ) emperatur tue Fig 2 u94 , Temperatreslim-

"" sure, mm L!.

"its The re the adfiniteation deit for ec typeo formtio, dpn of
,'i-th~e xplossure mixtsuapres anf B t0 volatloity ve. T- fuel-vapodere

'.. ill2 of areiation gasolie vaporglyoernice mixtures asiahfuction le

m.xoixtue s c asracternstiosbgn tofor (abltue (felvaorprs

sur 250-40 mm 40 a 4 -10 Alitde -m0 2) * era-

Fit. m93. T emperat i- Fi3. 2. Tpae lim-mf of atuedeap . re.. • °'ture, OC; '3 eiulpe-ual pressure., mm Hg.
sure, mm H9.

There is a definite altitude for each type of fuel., depcnding on

the pressure of its vapors and its volatility, i.e., a definite degree

of rarefaction above which highly overenriched mixtures with ;instable

explosive characteristics begin to form (Table 219).
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The temperature zones for the formation of explosive mLxturc,.. of'

various types of fuels are presented in the form of four graphs (P,'s

293-296). The two lines on each graph denote the zone of explosive

mixtures. The right-hand line denotes the region of overenriched mix-&

tures, while the left-hand line denotes the region of lean mixtures.

We can see from the cited graphs that the zone of explosion dan-

gers for mixtures of T-1 fuel on the ground lies in a range between

25-650; for TS-I fuel, in a range between 15-600i for T-2 fuel, be-

"tween -10 and +400; and for B-70 aviation gasoline, between -25 and

+20. With increasing altitude, the zone of explosion danger con-

verges slightly and shifts in the direction of lower temperatures.

At an altitude of 11,000 m for B-70 aviation gasoline (Pig. 293),

at an altitude above 15,000 m for T-l (Pig. 294) and TS-I (Fig. 295)

fuels, and at an altitude in excess of 14,000 m for T-2 fuel (Fig.

"296) the explosive danger of the mixtures becomes unstable as a result

"2:.:.: of the overeniching of the mixtures because of pronounoed fuel evapo-

ration.

However, all of these considerations pertain to the formation of

explosive mixtures in aircraft fuel tanks in which there is a certain

quantity of liquid fuel. A somewhat different picture is observed iii

evacuated fuel tanks in which a certain quantity of fuel always re-.

mains. The volute of these tanks may also be filled with an explosive

mixture. Here we find a certain analogy with the situation observed in

gasoline storage tanks: an empty gasoline barrel is always regarded as

K. ., representing a danger of explosion and it is recommended that such a

barrel be landled with extreme oarae.

The question arises, to what altitude is the denger of explosion

in mixtures in evacuated aircraft fuel tanks still present? It is r.oc ,..

possible to give a precise answer to this question, since this will
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A &MV -lo A

l2o0 t-2W 04 0Zt

Fi.295. Temperature lm i.296. Temperature lrm-.
tsfor the formation of its for the formation of

,,, - explosive mixtures of TS-1 •xplosive mixtures of T-2
fuel-vapor mixtures as a fuel vapors as a function
function of altitude (pres- of altitude (pressure of
sure of fuel vapors 100 *m Hg at

50 mm Hg at 38) )Alti- 380).lI) Altitude, m; 2)gude, m2 2) temperature, temperature, o; 3"resid-
"C; 3)oresidual p pr uf ual pressure, mm T-.

pend not only on the physicochemial coaracteristcf of the fuel, but (

on the quantity of fuel remaining n the tank s well. Since the
residue of fuel in evacuated aircraft tanks cannot always be deter-

mined exactly, it is, in fact, impossible to determine to which alti-

tude the danger of explosion for the fuel-vapor mixture in these tanks

is preserved.

To ensure against accidents, we can assume that explosive mix-

tures may he present in evacuated aircraft tanks at virtually all op-

orational altitudes during flight.

Therefore, preventive measures must be taken.

Foam Formation In Tanks and the DarWger of Explosion that These Foams
Represent

A fuel poured into an aircraft tank is always saturated with dis-

solved air. It has Deen established that the lower the surface tension
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TABLE 220

Solubility of Air in Fuels

2Yj O DUPI- f o vratsxocr PACTROPRMOCnh

,npi 3 u 2t, v atBs up 20,i

o6 rn•........ 870 2,8 o9,76 Aunaaepom, 0...... 0.780 23,4 1,2
7 Amna~ouauM ...... .... 0,723 W8,4 2U

1) Type fuel; 2) specific weight, at 210; 3)
surface tension, at 210 , dynes/cm; 4) solubil-
ity of air in fuel at 21 , % by volume; 5) gas
oil; 6) aviation kerosene; 7) aviation gaso-
line,

of the fuel, the more air can be dissolved in the fuel. This situation

is clearly illustrated by the research data of L.D. Derri [sic] (Table

As the aircraft climbs and the outside atmospheric pressure dimin-

7: ishes, the air dissolved in the fuel gradually begins to separate out.

"It has been established that the separation of the air from the fuel

* - Is substantially speeded up through mechanical agitation of ihe fuel.

lWhen booster pumpe are turned on during flights at great alti-
tudes., the separation of the disoolved air from the fuel. smetimes

takes place so violently that a large layer or foam is formed at the

tc hho fuel in he- alra±e ;ar2s.

B.V. Poullston [sic] established experimentally that the foam

fozmned in the manner described above xepresents a great danger of ex-

plosion and combustion even at comparatively low temperatures. A flamie

is propagated very rapidly through this foam and the pronounced danger

of explosion that this Loam represents ean ,be explained by the fact
:- �that there il always an inoreased conoentration of oxgen in the aL

w ich4_ sepazratted fr'om the 1%uel (The Z el!. nP at20 z

•.?eater by a -...r c-' approxl'rateely !1 -a.-. .he st:''.'e+: +

- and Ie'ezore .he air searated fr-om -he t7ue1 i -""waqs oe'e.-.
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V[. riched with oxygen).

CONCENTRATION LIMITS OF EXPLOSIVE FUEL-VAPOR MIXTURES

The limit concentrations of fuel vapors in air, at which ignition

of the mixture and flame propagation are possible, are referred to as

the oonoentratton ignition limits.

Table 221 shows the experimental data for the concentration lim-

its of explosive mixtures of various types of aviation gasolines and

Jet fuels.

TABLE 221

Concentration Limits of Explosive Mixtures
of Vapor Fuels in Air (1]

______________ I4nummiaA Rela

A-66 0RY7 S
A-74 V30 0679 5.Us"B0o 0145 0,1 S Us

1-4155 0,129) 0789 on46
B39/ABON 0.73 OAS 5.48

Tr-2 0M11 I' 7,5
vie t,5) L 74

OCrT-tb * .31 1A 7's

- .1) VnPkel; 2) density, g/=3m-; 3) concentra..
-- tion limits of explosive mixtures, % by

volume; 4) lower; 5) upner; 6) ifluminat-
*- in4 gasolille (flare + 5Wo).

Flash Point as Ihnction of Fuei-Vappr Pressure

The flash point of a fuel actually indicates the lowest tempera-

ture at which the formation of ex-ploslve mixtures is possible, and the ,

l- ower limit for the formation of eAplosive mixtures indioates the ain-

,? imm concentration o.f ruel vapors In the air, at which the combustlon

of the mixture is possible.

- ... Using the above-indicated relationship we can rind the lover limit -

of explosive mixtures according to the flash point of the fuel or we
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can calculate the flash point on the basis of the explosive-mixt.itr

"limit.

Knowing the lower concentration limit for the formation of explo.

sive mixtures we can calculate the fuel-vapor pressure at which flalh-

ing may take place:

OP
P1 M z. CM rbO

where P is the fuel-vapor pressure at the flash point, in mm Hg; v

"is the lower concentration limit for the formation of explosive mix-

tures, in % by volume; P is the pressure of the fuel-vapor mixture

with air, in mm Rg.

Example. Find the gasoline vapor pressure at which flashing takes

place, if the lower concentration limit for the formation of explosive

mixtures is known to be 0.98% by volume:

-1 8. 7.4 mm 0.98

Consequently, gasoline flashing will take place when a vapor

pressure of 7.45 M Hg In attained.

Determination of Fuel-Vaor Content in Air

If we know the temperature of the fuel and the pressure of its

saturated vapors at a given temperature, the concentration of fuel va-

pors in the air can be calculated in accordance with the followinm

formla:

4P - too

where v is the concentration oif fuel vapors in the air, in % by vol-

ume; I is the saturated vapor pressure, in F. Si; Pat is the presty

of the tuel-vapor mixture with air (in the majority of cases, it is

"oequal to atmospheric preasure), in mm Ila.

Sx4r aple. Determine the volumetric concentration of T-2 fuel va-

4 ... -938-



)ors in an aircraft tank at a temperature of 200. The pressure of sat-

"urated fuel vapors at 200 is equal to 40 mm NIg:

"'40 . . = 5,26% by volume.

The volumetric concentration of fuel vapors in the air can be re-

calculated into mass concentration by the following formula:

E•amph. The volumetric concentration of T-2 fuel vapors in air

at 200 is equal to 5.26%. Calculate the mass concentration, if the

mean molecular weight of the fuel is 150.

U. 5,26-150 QIJ j' UUJL

AUTOIGNITION TEMPERATURE OF FUELS

* Autoignition is an important characteristic in determining the

danger of fire from fuels. Under operational conditions, autoignition

is possible if a liquid fuel or its vapors come into contact with a

highly heated surface. We know from practical experience that such

cases are possible when the hermetic sealing of the fuel manifolds in
an engine frame is broken. From the standpoint of fire safety it is

extremely important to know the temperature to which a metallic sur-

"face must be heated before it can cause the ignition of any fuel co n-.

Ing Into contact with this surface.

The autoignition temperature of a fuel is not constant; it is a

-" function of the evaluation method employedh-

The chmeical composA"Ion of the fuel has- a significant effect on

the autoIgnition temperature. In the majority of cases, the hisher the

M olecular weight of the fuel t •he heavier its fractional cwosI-

tion, the lower- the iautoIgniton tenpc_-atu.re. Ethylated gasolines, as

a rule, exhibit a higher autoignition t r.tu~e than those that are
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TABLE 222
. Autoignition Temperature of Aviation Fuels

- . ;TMfnepaT- Temrepiaypa narpT -;Portfnno r- Typa 2 MI-, R011 TOo UJantole BMtM
c T JMMHU, TOM a, naionxai nocunamee-

,';+. "~C 'oI~, C | o U B8o.•s, °C
11011116 TOM:n~, 0

T-1 +30 22C 325
TC-1 +28 218 325
T-2 -12 233 330
""40 -30 331 430

1) Fuel; 2) flash point 00; 3) fuel igni-
tion temperature, oc; 4) temperature of
heated plate causing fuel ignition, C.

not ethylated, because of the presence of TES [TEL- tetraethy' lead].

We can see from Table 222 that the autoignition temperature of

B-70 aviation gasoline is lll higher than the autoignition tempera-

ture of the T-1 fuel. This can be explained by the fact that the frac-

tional composition of the T-1 fuel is heavier than the fractional com-

position of the B-70 gasoline.

It wasý brought out during these experiments that for the TS-1

fuel the temperature of the heated metal plate must be 3250 in order

"for the fuel to experience autoignition in coming into contact with

the plate; for the B-70 aviation gasoline this temperature would be

approximately 4300C. Thus it was established experimentally that if a

fuel comes into contact with a heated surface whose temperature ranges

butween 325 and 4250, ignition may take place and result in a fire.

The autoignition temperatures of various types of domestically

produced fuels are actually quite close to those that were derived in

* the USA in accordance with the drop method. This can be seen from the

following example.

I',::JP- . . . . . . . . . ... . .. ... 228
JP+4 . . . . . . . . . .. ' . . . . ..242m
B-]•73 . . . . . . . . . . . .258

B-0"/"130+TEL . . . . . . . . . . . . . . . . . .44o94o.
I -940-



,",ffect of Altitude on Autoignition Temperature of Aviation Fuels

With an increase in pressure, the autoignition temperature of

fuels diminishes, and vice versa. Table 223 shows data derived by

;-" TABLE 223

Effect of Altitude on Ignition Temperature
of Fuels

nocnnaue TemnepaTypu CAMOI3OcUJA-1 2 3aAepMKa IMeneou-, OC

Ton~ 74 ju PT fCIT., lpi jAMin 5 Omanzen
72 "'K. 71 c 742 mm. PT. CT. 370 A.x pT. CT.

""_.___,�_ _,,.__ F (ua aoMae) (,Ucora 5f 0A.M)

6Anfia6clumui 100/130 3 440 553
iP-1 120 228 1 462
J P-3 187 238 449
3 P-4 185 242 444:

SPi) el; 2) ignition lag at 742 mm Hg, sec;
3 autoignition temperature, 00; L) pressure

2 mm Hg (on the ground); 5) pressure
370 mm Hg (altitude 5700 m); 6) aviation
gasoline 100/130.

1M. Zabetakis [sic]* on the effect that altitude (reduction in pres-.

sure) exerts on the autoignition temperature of aviation fuels.

AUTOIGNITION OF COMIBSTIBLE LIQUIDS

There are a number of combustible liquids which -are capable of

intense oxidation in air at normal temperatures (16-200). Under cer-

tain conditions, when the quantity of heat liberated during the oxida-

".. tion process exceeds the heat transfer to the external medium, autoig-

nition of the oxidizing liquid may take place. Such liquids are re-

ferred to as hypergolic and they are conventionally divided into two

groups.

The first group consists of liquids that tend to autoignition

when in contact with air: vegetable oils, turpentine, and certain ani-

* '" mal fats in films on developed surfaces of fibrous materials (cotton

- -and cotton waste, etc.).

The second group consists of liquids that tend to autoignition

7-7 9J41-



"only in contact with or in chemical interaction with other substanc is;

"for example, ethylene glycol and glycerine in contact with potassium

"permanganate, as well as alcohols in contact with peroxides, etc.

In practice the autoignition capacity of vegetable oils is deter.-

mined according to the iodine number. It is generally maintained that

a liquid with an autoignition tendency represented by an iodine num-

ber above 100 is dangerous from the standpoint of fire.

The Rate at Which a Fuel Burns off from a Surface

The rate at which fuels burn off a surface is deteimined by the

mass of fuel consumed per unit surface per unit time, e.g., kg/m2 hr.

TABLE 224

The Rate at Which a Fuel Burns off a Surface in
Tanks [2]

"2 3Ccopocn Dwlrope.uR Te.onoanpam-
""'OTHUOCToc T0on1Jnsa C nonepxnocrn .me sepi~aaa

-" Tona TOMUIUa, s peepDyapax manoro 4 icnapeunu
e/~i'Al~am.eTPA 0 4nca/Anit w

An",Ana •nou fl Gensnu 0,730 2;10 91,98 12890
AmT o6,izthumf Genaz, 0,770 1,75 80,85 12 300

B epocu.. ......... . 0,5 110o 55,t1 10710

1) Fuel; 2) density of fuel, g/cm3; 3) rate at which
"a fuel burns off from a surface in small-diameter
tanks; 4) heat liberation from evaporation surface
"of fuel, kcal/m2.hr; 5) mm/mm; 6) kg/m2.hr; 7) avi
ation gasoline; 8) automotive gasoline; 9) kerosene.

"In certain cases' the rate of burning is expressed by the so-called

linear burning rate which represents the height of the fuel layer (mm)

burned per unit time (min).

*..Depending on density and fractional composition, the rate at

"which a fuel burns off from a surfaoe will vary: the lower the density

of the fuel, the faster the burning rate (Table 224).

Prevention of Fuel-Vapor Explosions in Aircraft Tanks

1.%. On certain types of foreign military jet aircraft, an inert gF-
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Is introduced into the ullage of fuel tanks in order to prevent the

explosion of fuel vapors.

The quantity of gas which must be introduced into the fuel-vapor

"mixture in order to render it safe from explosion was the subject of

numerous investigations. Table 225 presents some data.

TABLE 225

Fire-Extinguishing Concentrations of Gases to
Prevent Explosions of Gasoline and Kerosene
Vapors (Concentration, in % of Air)

2 Heo6xoAnuoe xoan1qec-TxoS-.. I -- rasa, % ofte]•s.
'- 1 1~aa 3no %l~na o6, UO a.II

5n auIJUM no A&HUhMU
"ni. r. AetnAooa lOpcenesa

6Yr~wxncax z ras 23,0. 2t,2

6A30 .......... 30,8
A Mmmuff meTRA 4,0 -
"" MOTUpCxx3opnCTUZR1 yraepoA 7,5 8,0

1) Gas- 2) required quantity of gas, % by vol-
** .ume; 3) after P.G. Demidov; 4) after Yursenev;

5) carbon dioxide; 6) nitrogen; 7) methyl bro-
mide; 8) carbon tetrachloride.

*- .. We can see from these data that the fire-extinguishing effect of

"halpgen derivatives is several times greater than that of carbon diox-

ide or nitrogen. The varying fire-extinguishing efficiency of the gases

"is explained by P.G. Demidov by the various mechanisms with which they

affect burning. In the opinion of P.G. Demidov, the introduction of

methyl bromide or carbon tetrachloride into the burning zone of fuel-

air mixtures disrupts the combustion (an exothermic reaction) and the

liberation of heat in the reactions taking place is sharply reduced;

as a result burning ceases.

The fire-extinguishing effect of carbon dioxide and nitrogen con-

sists in the reduction of the oxygen concentration in a mixture to a

point at which continued burning is impossible. According to the data

of this author, with the introduction of carbon dioxide into the burn- v:
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ing mixture, combustion is brought to a stop when the oxygen content

falls below 14-18%, and with the introduction of methyl bromide the

burning ceases as soon as the oxygen content is reduced to 20.6% [31.

The utilization of an inert gas to fill the. free space in fuel

tanks is, naturally, associated with the auxiliary equipment that

'.' must be installed aboard an aircraft. The over-all weight of the gas

and the equipment, on the average, amounts to 1 kg for each 100 liters

of fuel-tank capacity. This means that for an aircraft with a fuel-

tank capacity of 30,000 liters, the weight of the gas and equipment

amounts to about 300 kg.

"ELECTRIFICATION" OF FUELS

During the transportation of jet and diesel fuels Over water or

by railroad, during the pumping of these fuels, when these fuels are

poured in and out of a container, as well as during the fueling of

aircraft and cars, "mysterious" cases of explosions and fires occur

rather frequently. Investigations conducted by the American Petroleum

Institute have shown that a significant part of these "mysterious" or

difficult-to-explain explosions and fires during operations with pe-

troleum products can be attributed to static electricity.

The control of static electricity and the development of preven-

tive measures is, in many cases, made difficult by the absence of a

clear understanding regarding the mechanism by which static-electri-

city charges are formed in petroleum products.

At the present time the mechanism by whicis a charge of static

electricity is forined during the handling of petroleum products has

been thoroughly studied. It has been established that under certain

conditions, even In a fuel that is kept in a fixed state, the forma-

tion of static electricity is possible and the discharge of this

static electricity is capable of producing an explosion and fire at

:'- 94-94 -



the petroleum refinery and petroleum storage area, if the required

preventive measures are not implemented.

The investigations that were carried out and a detailed study of

the facts relating to the occurrence of explosions and fires as a re-

suit of static electricity made it possible to establish the following

six factors responsible for the formation of a static-electricity

charge in fuels.

I. WITH FUEL IN MOTION

1. In the case of friction between a liquid fuel and the solid

surface of the ranifold, the walls of the tank, and the filter.

2. In the case of friction between fuel particles, during the

Spassage of the fuel through a medium of other liquids such as, for

example, water, etc.

3. In the case of the passage of drops of finely atomized fuel

through air or a vapor-air mixture.

II. WITH FUEL NOT IN MOTION

,4. In the case of solid suspended particles settling out of the

fuel.

TABLE 226
+ Factors Responoible for tY, Formation of

Static Electricity and the Occurrence of
Fire

S[i~~epocetl~la * ao~pewl~asatwu.

'100,3.i ..... ... ...... 37 5S
* ... e pc:, : .apo, .o..o . . . . to

""01).+ cuport CA*"o=oro %ap MP

S yapa.............4 6

9 PSacuumeu CIPY" To"Atuas a
1l111. ................. .. . .. I
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TABLE 226 (Continued)

10YA.P aoJIUDN (PA6orA SO DPOUX
*"rpo' .. .........

* liloeo . . 3 100

"1) Factors responsible for the formation
of a static-electricity charge; 2) fires;
3) quantity; 4) pumping and agitation of
fuels; 5) improper drainage and filling
"of fuel tanks; 6) injection of raw steam
into the fuel; 7) fast drainage and fuel
pumping; 8) completing an electric cir-
cuit on the fuel tank; 9) atomization of
a stream of fuel into the air above the
surface of the fuel; 10) the striking of
a lightning bolt (work during a storm);
11) total.

5. In the case of liquid suspended particles such as, for exam-

ple, drops of water or other chemical substances settling out of the

* fuel, as well as in the case of the passage of bubbles of air, vapors

of light hydrocarbons, etc., passing through a layer of liquid fuel.

6. In the case of the passage of drops of water (rain), snow

flakes, etc., through the vapor-air space.

The American Petroleum Institute studied in detail 63 cases in

Swhich fuel tank cars exploded, resulting in fires, and the factors re-

sponsible for the formation of the static-electricity charge'were de-.

termined (Table 226).

Specific Electrical Conductivity of Fuels

The quantity of electricity which passes through 1 em of a cross

section of fuel in 1 sec with an electric-field voltage of 1 v per

1 cm is referred to as the specific electrical conductivity of fuel;

*i• it is expressed in the ifollowing unita: ohm" ci-l.

It has been established experiuentally that the capacity of a .

* fuel to form static electricity during pumping is a function of the

fuel's specific electrical conductivity (Table 227).

The rate at which the static-electricity charge is dissipated
;;i• "•< -946 -
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"TABLE 227
Rate of Static-Electricity Forma-
tion During Fuel Pumping as a
Function of Specific Electrical
Conductivity

"'" 1110 lio.iuqocyno paapuAo|
"rIua a "iounuo lO "'"%

, .2 lion_ -eNan (7? No

XIO-Is i I
S5X10-I 1  05

Ixto-gi Ito
5Xt01  500

3 xt-• •600S5x1O-II 580" :'
• 5x tO-13 WO3Ixto- 12  250

5Xio: 2
tXIO 0

1) Specific electricql fuel con-
ductivity, ohm- 1 cm'; 2) number
of static-electricity discharges. .
during a 10-minute pumping (7 kv).

"(drops) is directly proportional to the specific electrical conductiv-

ity of the fuel: the lower the electrical conductivity, the slower the

dissipation of the static-electricity charge that has formed (Table

228).

V~r1o*,.s types of jet, aviation, and motor fuels exhibit various

capacities to form atatic electricity. This phenomenon is illustrated

rather clearly by the data cited below, where we can see the time re-

quired for the formation of a static-electricity charge during a
10-minute period of pumping (voltage, 7 kv):

Isooctane, n-heptane, cetane. . . . . . . . . . 0-12

Toluene and xylene 14. , , . 1l-50 :

*. "Aviation gasolines and automotive gasolines , .41.-9

JP-4 jet fuel 1-71

Unpurified kerosene . . . . . 7-82

JP-5 jet fuel 10-140

Diesel fuel .................. 5-420
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TABLE 228

Rate of Static-Electricity Charge
Dissipation as Function of Spe-
"cific Electrical Conductivity of
"Fuel

YAoa&InaR 3aox~ponpoboA - D po.tn CIIflOJURo~n apnaa"
nAMOc :onanua, CTulTIMICROrO DJbKTn-UqO-1 toct *s nriz 2 CT04 na 50%,

_________________ 2 COX.

130
to-I'13,0

1,30
"10-1 0,13

0,013

1) Specific electrical conductiv-
ity of fuel, ohm-n cm-J; 2) time
required to reduce static-electri-
city charge by 50%, sec.

It has been established by investigation that the time required

for the formation of static electricity is significantly affected by

many operational factors such as, for example, the pumping rate, the

presence of mechanical impurities in the fuel, the presence of water

and air, as well as the conditions of storage and temperature.

Influence of Fuel Pumping Rate

%" All other conditions being equal, the the higher the pumping or

fuel-drainage rate, the greater the quantity of static electricity

* --. TABLE 229

". Influence of Fuel Pumping Rate on Forma-
"tion of Static Electricity

..- 1 ffo.i CTeao paOpSAot1 C©aTnMOcoro Snatl-* "."P-x ao -n t•-pu'iecima (?x) ma lO.Mnmymuya aopewaqauy

. CKOpo"T nepexatlnu cRopocm nopevtaqu

*.~IP* 3 0 4a 10 s/wJP-4 ... 4..
,.'J•P. (C) *... .. 8 UlJP4D .. :'.. 3 ,,1

1) Jet fuel; 2) number of static-electri-
city discharges (7 kv) during a 10-minute
pumping period; 3) pumping rate, 500 ml/mmn.
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formed. This quantitative relationship is clearly illustrated by the

laboratory-investigation data presented in Table 229.

Influence of Jet Fuel Purity

Mechanical impurities in a fuel have a significant effect on the

speed with which static electricity is formed: the purer the fuel, the

TABLE 230
Influence of Jet-Fuel Purification on For-
"mation of Static Electricity During Pumping

1 YR~au ~. 3 lioan'€,no pampi-
1 SIYAbtx meinro., "1o3 Ins CTUqe"Cro

TOU.IW UPOnOAUOCTb' a.1ONTpuICTm so, ~-I j...-n apeua iO-uuupuo*

4 To.i.wuo JP-s 6a
'ICT~M ..... l - 405• | leplln.inlwtOaulll

4"41lCTlta C4=KN-~IIt
ca• ....... areOX-0 - 0

6 |(.aaaTlJTaaSI o~cIma
raRuO ... ..... 0.OOX to-"3 07 iApo~opunar . . . Oxt0O-1a 5

8 •)u•vp4ampamw, Oi3Xis I,

1) Methods of fuel purification; 2) specific
electrical conductivity, ohm- 1 cm-L; .3) num-
ber of static-electricity discharges during
10--minute pumping period (7 kv); 4) JP-5 fu-
el without purification; 5) percolation pu-
rification with silica gel; 6) contact puri-
fication with clay; 7) hydraulic forming; 8)
microfiltration.

slower the formation of static electricity.

Below we present data on the effect exerted by the presence of

mechanical impurities in a jet fuel on the formation of static-elec-

tricity discharges (7 kv):

JP-5 fuel without mechanical impurities . . . . . . . 15

* .JP-5 fuel with finely fragmented tank-
car d epo sits . . . . . . • • . • • • , • • . . . . 27

Mechanical impurities can be removed from a fuel by filtration,

at the same time reducing the tendency of the fuel to form static
S~949



electricity during pumping or aircraft fueling (Table 230).

Influence of Water and Air Bubbles

It has been established that in the presence of dissolved and

dispersed water in a fuel there is a substantial increase in the for-

mation of static electricity. However, the presence of an individual

"layer of water at the bottom of the tank sometimes exerts no effect

whatsoever or reduces the formation of static electricity. Under the

influence of water in a Jet fuel the following quantities of static

* electricity (7 kv) are formed:

Dried aviation kerosene. . . . . . .6....... 6o
"" Aviation kerosene with dissolved water . . . . . . . 120

Aviation kerosene + 0.5% finely dis-
persed water . . . . . . . . . . . . . . . . . . . 150

Aviation kerosene + 0.5% of water at
* .. the bottom of the tank car •....• .• • ... 0

Given the presence of air bubbles in the fuel, as a rule, there

is an increase in the tendency of the fuel to form static electricity

- -. - during pumping, and this can be seen from the cited data (the air-feed

rate into the fuel is 500 ml/min).

JP-5 fuel without air . .. .. . . . ... 7

JP-5 fuel with large air bubbles ... 12 . . .,1

JP-5 fuel with small air bubbles . . . . . . .. . . 22

Effect of Temperature

It has been established experimentally that In the majority of

cases in which a fuel is heated from 10 to 40'0 the tendency of the

fuel to form static electricity weakens (Table 231). But Individual

cues were noted in which the Sam heating resulted in more pronounced

formation of static electrscity EJP-4 (D)].

Slandflcant chemical chanues occur in the fuel under the actic4,-ý

"", h:1gh temperature; In certain cases Insoluble sedimentation fo=.:-%
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TABLE 231
Effect of Fuel Heating on the Formation of
Static Electricity

liornP1ecT1o paapUP oIU CTaTuibOCKOrO a•JemHp--

l PeaRmUnOo 2 1eCTUa Up1 OTOnIepaTy , ) n@pexavitis

t( 27 40 -'. ,

JP-4( .... . 2 0
JP-4 (9) t76 1W) to
JP-4 (C) . . . 125 i18 23
JP-4(D) .. . .. 153 230 5

1) Jet fuel; 2) number of static-electri-
city discharges at the pumping temperature
(10 zrin.) °C.

* the fuel. At the present time, in the USA, the thermal stability of

Jet fuels is generally determined by means of a "Koker" instrolment

which determines the quantity of sedimentation formed in the fuel.

Investigations have shown that a Jet fuel that has passed the

thermal-stability test on the "Koker" device, in which it was heated

to 1500* substantially increased its capacity to form static electri-

" city, and this can, apparently, be explained by the formation of the

tiniest of solid carbon particles in the fuel (Table 232).

An analogous situation is observed in the case of the synthetic

addition of carbon substances to the Jet fuel. Even the slightest ad-*

i*_. dition of petroleum asphalt (0.005.0.0005%) results i, a pronounced

Iczrease in the ability or the fuel to form static electricity during

pumping (Table 233).

As we can see 'r.a Table 233, the sediment that does not dissolve

In ligroin bripgo about the mor.e pronounced tendency of the fuel to

the formation of 3tatic electricity.
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* iTABLE 232
Effect of High-Temperature Treatment of
Fuel. on the Formation of Static Electri-
city

SI{OjlIqOCTDO paapnJoB cTaTntbocxoro OJRCXTpnU'-
1 2 cTna (7 xo) "pit 10- MItyrTnoii ncpc'Ka'Ixe

PeaNT1l111oe 3 4PoaW'xm1oe 3 novio onpo•eniotou Tep-TonIJIDo iOO OnpOAo.Mi li- TOOC.'T OflpqoC )Of J CTAIU"100I T

Weceofl cTaGI.abItocTll (narpon Tou.*I It4to 1500)

JP-4 (A) 5 13
JP-4 B 13 30
I•P.(C) 81 190

1) Jet fuel; 2) number of static-electri-
city discharges (7 kv) during 10-minute
pumping; 3) prior to determination of
thermal stability; 4) after determination
of thermal stability (fuel heated to 1500).

TABLE 233

Effect of the Addition of Carbon Matter (Petroleum
Asphalt) to a Fuel on the Formation of Static Elec-
tricity

1 Tonnnuo Yao o cTaTecoro mempi•pf-
,UOILOCTb•, O - CM I CTIU

Tonanwo JP-5 60e Ao•6aOx 0,OitX1O-" 4
5 Too:i no JP-5 + 0,005% ,e4-

iV.',.oro 6U'yMUa 0,5xiO-'s 1306f+ To,,.,,, ao JP-5 + 0,005% a+o6,Tmtoro 6
1lTyMa, paOTBOpl-

uoro u anrponue .... 1,9Xt0'-1

7Tonnuno J P-5 + 0,000%
.neTfnioro 6nTyMa, lie pao- 1,20)<t0 12 H2
.Topeinioro a a1rponue

8"1300o Tail 603 Ao6aBOK . , 0,00O 8x1O- I
IbaoomTalt + 0,0005% ne$.

I-n9 Toro 6uTya ......... 0,U0410-

- 1) Fuel; 2) specific electrical conductivity,
" ohmI ; 3) number of static-electricity dis-

charges; 4) JP-5 fuel without additives; 5) JP-5
fuel + 0.005% petroleum asphalt; 6) JP-5 fuel +
,4, 0.005% petroleum asphalt, dissolved in ligroin;

,'*.,7) JP-5 fuel + 0.0005% petroleum asphlt, not dts-
-olved in ligroin, 3) isooctane without additive;
9) isooctane + 0.0005% petroleum asphalt.

"-952

71



* I. . . . . . . . . . . . . ... .. . . ..° = , • ., + •j, • ,.°- , • , , , ,+ . ~ + . --w--•.---. -•

.Effect of Fuel Oxidation During Storage

There is a pronounced increase in the capacity to form static

electricity during pumping of a fuel which oxidized during storage and

in which the content of potential tars increased (Table 234).

TABLE 234
Effect of Fuel Oxidation on the Forma-
tion of Static Electricity During
Pumping (Fuel Stored in a 200-Liter
Barrel at 770)

Coeem~aune no-renl-I '5 "
lflpo0oA.'o4nTm .- & , o o - lyonnqec'rao pa$-
UOCT, Xpaneimt 2 ne, pNAoU CTaTfnoCKo-

(Aun) As/too 'MX ro ,-10lTYpn406Tn?&

4o xfuennu 0,8 21201 4 54
202 031

1) Du. Ltion of storage (days); 2) po-
tent .- ;irs in fuel, mg/l00 mk [sic];
3) number of static-electricity dis-
charges; 4) prior to storage.

Effect of Irradiation of JP-4 Jet Fuel

It has been established by research that the irradiation of JP-4

Jet fuel with ultraviolet as well as gamma rays brings about an accel-

TABLE 235
"Effect of Ultraviolet Irradiation of Fuel on the
Formation of Static Electricity During Pumping

.. ,(10 min.)

1 ~ ~ A 2 )o G.yf~enum 06oAo ,JY'leflu

tubaoro ton~m- O quc.R10 flOTC1rt~n @lIb. IUt1h PPPRs i,-0 UO1•e04n1lUl
*a JP-.4 cuatn.•ucbtoro /uuoe CuoN u. Ao0 cTATeu'- ctonw,
"", I Kextpumecna | *i/Dio ^x CROWo +ZWN- an1(X) *A

"A u4 70.4 I 5 .4
B 27 014 4f 6.0

1) JP-4 jet fuel specimens; 2) prior to irradia-
tion; 3) after irradiation; 4 number of static-
electricity discharges; 5) potential tars,
mg/"00 MI.

S-.- tion of the fuel-oxidation process; in this case, there is a pro-

Snunced increase in the content of potential tars in the fuel.
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In almost all cases of fuel irradiation with ultraviolet rays, L

the formation of static electricity increases during the pumping of

this fuel (Table 235).

When a fuel is irradiated with ultraviolet rays, not only do we

find an increase in the content of potential tars, but a sediment of

about 0.5% is formed. Below we present the composition and quantity of

sediment (% by weight) which forms in JP-4 jet fuel which has been ir-

radiated with ultraviolet ays.

"Carbon • -. • . . . . . . . . . . • . . . . . . . . 57.32
Hydrogen . . . ... . . . . . . . . . . . . . . . . . 6.60
Oxygen • • • . . . . . . . . ... . . . . . . . . . 19:•,]•Sulfur . . . . . . . . . . . . . 5:07Nu frog . . . . . . . . . . . . . . . . . . 3. 59

Ash 3.03Nitrogen . . .. . . . . . . . . .. . . . . . ..* * * * * ,5
The irradiation of the JP-4 jet fuel with gamma rays also signif-

icantly increases the formation of static electricity during the pump-

"ing of the fuel (Table 236).

TABLE 236
"Effect of Irradiation of Jet Fuel with Gamma
Rays on the Formation of Static Electricity

* 1 ~2 Jto o6zyunums 3nfocae o5JaymnxE

O'ps'i !i~I: RKPIAO

") JP4. fuel speiomens; 2) prior to iBrradia-

tion; 3) after irradiation; 4) number of static-
'.1, electricity discharges; 5) potential tars,

;mg/lO0 ml.

As has already been shown above, all light petroleum produots i-i

pure form have a specific electrical conductivity below 10 ohm

-1*cmI and under certain conditions exhibit the capacity to form a

charge of static electricity. It has been established experimentally
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-hat with an increase in the electrical conductivity of the fuels

a.bove 0l ohm- 1 cm.l the danger of static-electricity formation dur-

'ing operations with the fuel is markedly reduced.

It Is on exactly this phenomenon that we base the proposed method

of oontrl!iM the tomation of st&ati.eleotricity charges in fuels

through the addition of special additives.

It has been noted that the introduction of a negligible quantity

cf certain substances such as, for example, acids, alkalis, and al-

kali salts to a fuel significantly increases its electrical conductiv-

ity. It has also been noted that the greatest effect is produced by

those additives exhibiting high surface activity.

* For example, the petroleum company "Royal Dutch Shell Company"

has experimented with the utilization of the additive "Sa-Aerosol OT"

to control the formation of static electrikity during warehouse opera-

tions. However, the method of preventing the formation of static elec-

tricity in fuels by means of additives has not yet passed beyond the

stage of laboratory and operational tests.

We know from the literature that in virw of a number of specific

'' conditions the formation of static electricity in a fuel is particu-.

"larly likely during operations at the petroleum storag3 areas at air-

ports and during the fueling of aircraft. 7t is precisely here that

the latest equipment is employed, as well -s fast pumping speeds and

fine fuel filtration, i.e., favorable cvnditions are provided for the

appearance of a great charge of static electricity.,

To eliminate the danger of explosioiL and fire the petroleum com-

pi.)y "British Petroleum Company," servicing the civil aviation of

SGreat Britain, recommends the observation of the following rules dur-

" r,, fut.ling of passenger aircraft.

1. Prior to start of aircraft fueling or removal of fuel from

- 955 -
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aircraft tanks, the aircraft and all fueling devices must be properl.

and--tightly attached to one another and grounded.:

2. During aircraft fueling, with the passage of the fuel through

the fuel system, the flexible hose, and the fueling nozzle, static

electricity appears. To remove this charge of static electricity the

flexible hose must be enclosed in a metal spiral and the manifold,

hose, and fuel nozzle must be connected and grounded.

"3. The tank of the fuel truck, the pump, the flowmeter, and the

manifold must be reliably connected by copper wires to a chassis

* through which they are grounded.

4. The flexible hoses and the fuel nozzles must be reliably con-

nected to the airplane being fueled prior to the start of fueling and

this must be accomplished by means of special wires and plugs.

"5. All connections and contacts on fuel trucks intended for the

- - removal of static electricity must be carefully checked each and every

day prior to start of operations.

N'"N 6. Special points for the grounding of aircraft, fuel trucks,

hoses., and tow trucks must be provided on an airfield at the points of

aircraft fueling. The grounding points must be positioned so as to be

easily accessible; they must be available in sufficient numbers.

7. All aircraft-fueling operations or all operations involving

the removal of fuel from aircraft tanks must be brought to a halt

when a storm is close to the airport or actually over it.
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"Chapter 30

TOXICITY OF FUEI AND OXIDIZERS

All motor fuels are toxic to some extent, and because of failure

to apply the required measures of care and safety in handling such

fuels, they represent a certain danger to health and even life.

Poisoning may result if a fuel enters the human organism:

1) through the respiratory tract (inhalation of vapors);

2) through the gastrointestinal tract (swallowing);

3) through the skin;

"") through the mucous membrane of the eyes (in liquid or vapor

state).

N Poisoning through the respiratory tract is most dangerous, first
-. 2:of all, because of the great intake surface of the lungs (about 90 m

in an adult) and., secondly, because of the ease with which the poisons.

can pass through the lung alveolae into the circulation system. The

i •poison acts almost 20 times more rapidly through the respiratory tract

-4 i than it does through the gastrointestinal tract.

Only those toxic substances which are soluble in fats and the

fatty substances of the organism can pass through the integument into

an organism.

The danger of poisoning increases with a rise in the temperature

* ~of the ambient air, since in this case the evaporation of fuel is ac-

* 1 "celerated (the concentration of fuel in the air being inhaled is in-.

: . J ""creased), the respiration rate increases, the cutaneous vessels expand.,

and there is pronounced penetration of the fuel into the organism.

". -`-958.
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Therefore, cases of poisoning are more frequent in the summer thai. ,ti

"the winter.

The poisonous effect of a fuel also depends on the individual

features of the human organism. People who have Just recently recovere•

from a disease or who suffer from chronic diseases of the nervous sys-

tem, the liver, kidneys, or the blood are particularly sensitive to

the effect of poisons.

We distinguish two types of poisoning - acute and chronic. Acute

poisoning involves the development of poisoning symptoms within sev-

eral seconds - the lightning form - to many hours after the toxic dose

of poison has begun to take effect. Chronic poisoning involves poison-

"ing which develops as a result of the prolonged action of low concen-

trations of toxic substances, generally producing no poisoning symp-

toms if inhaled only once, even after a period of several hours.

THE TOXICITY OF GASOLINES

Vapor poisoning is most commonly encountered in the handling of

gasoline.

The maximum permissible concentration of gasoline-solvent vapors

in air is 0.3 mg/i, and in the case of motor gasoline (cracking, etc.)

the maximum is 0.1 mg/i [5]. At higher concentrations, both acute and

,, chronic poisoning may occur.

Acute Poisoning

Because of its high volatility, gasoline evaporates particularly

rapidly. Therefore, if an open gasoline container were left in a

closed or poorly ventilated enclosure or if the gasoline were to be

poured and redistributed in various containers in this enclosure, the-

surrounding air would rapidly become saturated with the gasoline va-

pors and the concentration of these vapors in the air would, within a

short period of time, perhaps become dangerous to human life. A con-
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centration of vapors (from any gasoline) of 35-40 mg/l in the air is

regarded dangerous for human life when inhaled for 5 to 10 minutes

[1]. The inhalation of air containing lower concentrations will not

immediately produce poisoning. Within a very few minutes after air

containing a gasoline concentration of 5 to 10 mg/1 the individual

iwill begin to suffer from a headache, experience unpleasant sensations >
in the throat, coughing, and irritation of the mucous membrane in the

nose and eyes. A longer stay in such an atmosphere, as well as an in-

crease in the gasoline-vapor concentration, will result in more pro-

nounced poisoning phenomena, instability of gait sets in, as do

dizziness, weakness, stimulation similar to alcohol intoxication,

dryness of mouth, and nausea; if the victim is not immediately removed, .,

-S loss of consciousness, serious cramps, dilation of pupils, and respi-

"ratory weakness (possibly stopping entirely) set in.

.Effect of Internal Consumption

Poisoning may also occur if the gasoline is taken internally.

This is most frequently encountered when drivers draw gasoline into

their mouths through siphoning hoses; it is found much less frequently

• .as a result of gasoline being mistaken for a potable liquid. Such
"consumption" of gasoline internally frequently results in serious

illness - inflammation of the lungs (pneumonia).

• ~Chronic Poisonin
--: Chronic poisoning by gasoline vapors occurs when vapor concentra-

tions in excess of the maximum permissible limits are encountered on a

regular basis. The basic symptoms of chronic poisoning are headache,

lethargy, tendency to become easily tired, loss in weight, irritabil-

Ity, drowsiness, or insomnia.

. Chronic inflammation of the mucous membrane of th,.. eyes, more

"frequent respiratory-tract diseases, etc., may be the result of the
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action of gasoline vapors.

Effec4 on Skin

Gasoline can also produce a harmful local effect on contact with

the skin. It stimulates the nerve endings of the skin, and this causes

skin irritation (burns, itching), and expansion of blood vessels (red-

dening, edema). Since gasoline is a good solvent of fats, it dissolves

the cutaneous fat. Deprived of its fat the skin dries out. Cracks form

"more easily on a dry skin, and such cracks provide fertile soil for

the development of infections: pyoderma, eczema. Such diseases develop

most frequently in gas-station attendants, drivers (chauffeurs), etc.

If the body remains in contact for a prolonged period of time with a

gasoline-soaked cloth, reddening of the skin sets in and blisters ap-

pear. Gasoline can penetrate the human organism through undamaged

skin as well, but since no conditions prevail within the organism for

the accumulation of gasoline, it is rapidly exhaled through the lungs.

This property of gasoline must always be borne in mind, since various

substances dissolved in the gasoline can penetrate through the undam-

aged skin to the human organism together with the gasoline; we have

reference here to such substances as the antiknock additive tetraethyl-

lead, which is capable, even in small quantities, of producing serious

poisoning.

Preventive Measures

To prevent the possibility of poisoning in handling gasolines,

the following is necessary.

wh1c. In the enclosure in which motor fuel is being handled and in

which elevated oonoentrations of motor-fuel vapors may occur, it In

necessary to provide for fresh-air/exhaust ventilation with floor and

* . ceiling exhaust.

2. In cleaning petroleum products out-of, and in repairing, tank
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cars and other storage containers they must first be thoroughly

flushed with air or steam. All work of this type, involving an atmos-

phere with a high fuel-vapor content, must be carried out in the pre-

sence of a second individual (a safety man).

" 3. Workers called upon to work in an atmosphere with high conoen-

trations of gasoline vapors must undergo preliminary and periodic

medical examinations.

4. All workers periodically subjected to the effect of high con-

centrations of gasoline vapors must know how to offer first aid to an

injured worker and how to perform artificial respiration.

5. To prevent skin irritations the workers must wear special

clothing, wash their hands frequently with soap, and use protective

salves.

"6. On jobs (even of short duration) under conditions of high con-

centrations of gasoline vapors it is necessary to use hose-type PSh-l,

PSh-2 gas masks, or the KIP-5 or RKR-3 oxygen devices.

7. If splashed to any significant degree with gasoline, it is

necessary to remove clothing (replacing it or airing it until all

traces of odor disappear) and take a hot shower.

First aid

If poisoning has occurred, the injured must first of all be re-

*. moved (carried out) into the fresh air from the harmful atmosphere,

-and a doctor. zust be called.

Before the arrival of the doctor, if excitation should set in

valerian drops should be administered. If respiration Is markedly weak

or faintness has set in, the injured should be given spirits of ammonia

to smell and pure oxygen to inhale. In more serious cases, if breathing

.hat stopped entirely, artificial respiration should imediately be

undertaken and continued until (and this may sometimes take hours) in- -.
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dependent breathing is restored. After the restoration of normal res-

piration the injured should be fed strong tea or coffee and removed to

the closest hospital. S.

If the mucous membrane of the eyes should become irritated. it

must be washed with a 2% soda solution or with pure water.

TOXICITY OF KEROSENE AND DIESEL FUEL

The poisonous effect of kerosene and diesel fuel is, for the most

part, similar to the poisonous effeet of gasoline. Exhibiting lowLr

vaporizability, these products exert a less pronounced over-all effect

on the human organism, but the irritating effect of kerosene and

diesel fuel has a more pronounced effect (in vapor form) on the mucous

"membrane, and a more pronounced effect on the skin (in liquid form).

The maximum permissible concentration of kerosene and diesel-fuel

vapors in the air is 0.3 mg/1 151.

Acute Poisoning

Phenomena of acute poisoning may develop on inhalation of large

concentrations of kerosene and diesel-luel vapors. Drowsiness, the

tendency to tire easily, ringing in the ears, headaches, irritability,

digestion disturbances, irritation of the upper respiratory tract, and

* i sometimes burning in the eyes is noted In victi•s of this type of

poisoning. However, when working In open air, as a rule, concentrations

of vapors sufficient to produce poisoning are generally not encount-

* .i ered. Therefore, cases of acute poisoning as a result or kerosene and

" " diesel-fuel vapors are encountered quite rarely.

Chronic Poisoning

Chronic poisoning due to kerosene and diesel-fuel vapors Is en-

countered comparatively rarely.

in Reference t1] we rind a description of cases In which, after

Prolonged work with kerosene (from 5 weeks to 3-4 years) the following
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"symptoms associated with chronic poisoning were established: headaches,

loss of appetite, itching of skin on hands, pain near heart, emacia-

tion, general weakness, insomnia, etc.

Effect on Skin

"Kerosene, more frequently than gasoline, on coming into contact

with the skin produces acute and chronic diseases of the cutaneous

, cover.

*- When a stream of kerosene under pressure strikes the flngers on

a hand, pain and numoness set in during the first hours; after 2 to

3 hours, thern is pronounced edema, and a minute opening forms at the

point of stream contact. The sharp pain and edema last for 8 to 10

The preventive measures and first aid are the same as in handling

gasolines.

TOXICITY OF BENZENE

*-. Benzene vapors are substantially more toxic than gasoline vapors.

Benzene is, first of all, a nerve-cell poison. The prolonged action of

benzene will produce the degeneration of the fatty tissue of internal

organs, vascular walls, serious damage to the hematogenetic organs

(bone marrow), reduced blood coagulation with increased vascular brit-

tleness (bleeding fltom uucooae), and there is also a pronounced drop

in thc resistance of the organism to all types of Inrection.

•-. The maxizai peidssolble concentration of benzene vapors In air is

'*0.02 o[51'

Acute Poiz~cnin

?"ute polsoning by benzene Is possible when cleaning benzene from

tanks, when using benZene In combination with fast-drying paints while

w.orking In poorly ventilated enclosures or- In chemistry laboratories.

"-n cases of slight polisoning, the victim suffers fCrom headaches, red-
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"dening of the face, stimulation (similar to alcoholic intoxication),

quickly replaced by paleness and dizziness.

" Given a more prolonged exposure to benzene vapors or given an in-

creased concentration of these vapors, loss of consciousness may occur.

In serious cases, loss of consciousness, respiratory impairment,

and a drop in cardiac activity take place almost instantaneously; if

nomedical aid is available, death may occur.

Slight cases of benzene poisoning generally leave no trace. After

serious poisoning, however, prolonged impairment of health is noted:

(diseases of the central nervous system, the liver, and the lungs).

-*. Chronic Poisoning

In actual practice, we encounter more frequently phenomena of

=. chronic rather than acute benzene-vapor poisoning. This form of poison-

ing develops during extensive work with benzene, even under conditions

of low benzene-vapor concentrations in the air. Chronic benzene pois-

oning results in numerous changes in almost all organs of the human or-

k"•- gan.ns m.

"Workers complain of over-al] weakness, headaches, dizziness, and

poor appetite. Sometimes the symptoms include bleeding gums, nosebleed,

and petechial hemorrhages on the skin. Changes in the composition of

the blood (reduced numbers of white blood cells, etc.) are quite char-

- acteristic of chronic benzene poisoning.

Effect on Skin

If benzene comes into contact with the skin frequently, pronounced

irritation may result: reddening, itching, edema, blister rashes, ec-

zerna. The effeot of benzene is more pronounced on the skin than is the

effect of gasoline or kerosene. It has been demonstrated that benzene

may be drawn into the organism through undamaged skin.

The preventive measures and first aid for acute cases of benzene
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poisoning are, for the most part, the same as in work with gasoline.

Individuals called upon to work for prolonged periods with ben-

zene must undergo medical examinations every 6 months and an analysis

of the blood is mandatory. If changes in the blood are detected, these

Individuals must be transferred to other jobs which do not involve

contact with benzene.

.- TOXICITY OF ETHYL FLUID

If not handled carefully, ethyl fluid represents great danger

both from the standpoint of health and life. The most toxic component

part of ethyl fluid is tetraethyllead.

"Tetraethyllead is an extremely powerful poison. It penetrates

easily into the organism through the respiratory organs, and is .also

easily drawn in through undamaged skin. Even an insignificantly small

quantity of tetraethyllead, in the organism, can result in serious

illnesses.

The maximum permissible concentration of TES [TEL - tetraethyl-

lead] in the air is 0.000005 mg/_ [5].

The danger in handling ethyl fluid is increased by the follow-

* ing.

1. Vood and other porous materials soak up ethyl fluid well. Wool,,

cotton, ano linen clothing, as well as leather footwear, do not protect

the body againsmt liquid drops or vapors of ethyl fluid. Absorbing

these, they can become sourzus of serious illnesses. In other words,

all objects that come into contact with ethyl fluid become dangerous

from the standpoint of health until such time as they are degassed.

* ,.2. If ethyl fluid comes into contact with the body there is no

-. sensation of pain, burning, itching, nor is there any irritation of

the eye; or the respiratory tract, thus producing the false impression

that such contact with ethyl fluid has no harmful effect on one's
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2: health.

3. Tetraethyllead exhibits the capacity to accumulate in the or-

ganism. Penetrating the organism in an insignificant quantity, tetra-

ethyllead need not immediately affect the health of the individual,

"but rather at such time as the quantity of tetraethyl lead in the or-

ganism has increased to a certain limit as a result of new accumula-

tions. This latent period may last anywhere from several hours to sev-

eral days.

Cases of poisoning as a result of lead compounds have been ob-

served in cases of inhalation of dust formed in the cleaning of an en-

gine motor, and in cases of inhalation of scale formed after the op-

-.. , eration of an engine on ethylated gasoline.

Acute Poisoning

Ethyl fluid causes serious impairment of the activity of the 6en-

tral nervous system. In the case of slight poisoning, there is a weak-

ening of the pulse (less than 50 beats per minute), a drop in body

temperature, as well as a drop in arterial pressure.

Acute poisoning results in violent reactions. The victim is ex-

tremely excited, suffers from visual and aural hallucinations, becomes

excessively talkative, refuses food, cannot fal. asleep, becomes ag.

gressive, exhibits suicidal tendencies, and develops complexes of per-

secution and guilt. Acute poisoning may end in the death of the victim

within the first few hours after the poisoning, or after 3 to 5 days

or more.

We know of the following case of serious poisoning [6]. Troops

rronm a particular Germz army unit assumed a barrel containing ethyl

fluid (without markings) to be paint. After several hours of painting

.he walls of their barracks, 21 soldiers showed signs of tetraethyl.-

* ' lead poisoning and acute toxic psychosis. The majority of the victimb

"- 967

* * * a *I. S * *t,. * * . . . . . . . . . .. . . . . . . . . . . . * 5~~~** . ** ~ * a~.

*,i? ..#~~a *..., *.-* a



died.

Serious cases of poisoning resulting in death are even possible

L "in everyday life when using items contaminated with ethyl fluid. For

example (6], a worker picked up a rubber hose from a factory dump and

took It home. As a result, each of the six people living in the room

Swith this worker showed signs of tetraethyllead poisoning. After sev-

eral days an li-year old girl and a 17-year old youth died. The neigh-

bors suffered slight cases of ethyl-fluid poisoning. The investigation

revealed that the rubber hose had been used at the gasoline-mixing

station where it was employed for pumping of ethyl fluid.

"Chronic Poisoning

Acute cases of poisoning are extremely rare. Chronic cases of

ethyl-fluid poisoning are encountered much more frequently. Given the

regular action of small quantities of ethyl fluid, chronic poisoning

may set in.

Patients express similar complaints in cases of both &cute and

chronic poisoning. In the latter case, these complaints are not as

serious. The victims are disturbed by headaches, dizziness, impairment

of memory, insomnia, nightmares, increased salivation, general weak-

ness, "bitterness in the mouth," nausea, etc.

Cases of chronic poisoning occur generally when working in a zcne

of increased TES [TEL] vapor concentrations (from 0.0007 to

0.002 m/I).

Preventiye Meaaures

In working with ethyl fluid it is absolutely necessary to use a

filtering A %(%hP, 1951) gas mask and special clothing (a rubber suit,

overalls, gloves, shoes). After each 30 hours of use, the gas mask

"should be replaced. It is necessary to take the following preventive

"measures, intended to provide such industrial (laboratory) conditions
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as would exclude the possibility of the liberation and accumulation of

ethyl fluid and its oxidation products in the work areas.

1. Ethyl fluid and gasoline should be mixed only in installations

and areas specially designated for this purpose.

2. It is forbidden to remove ethyl-fluid contaminated items (con-

tainers, hoses, work clothing) from the area of gasoline-mixing sta-

tions and ethyl-fluid storage areas.

3. Buildings in which work with ethyl fluid is carried out must

be equipped with appropriate fresh-air/exhaust ventilation devices.

4. In laboratories, work with ethyl fluid should be carried out

"exclusively beneath an exhaust hood.

5. Degasification means should always be available in the vicin-

ity of areas in which work is being done with ethyl fluid (kerosene,

- a 3% solution of chloramine, bleaching powder, etc.).

6. All work areas should be degasified periodically.

7. Workers who come into contact with ethyl fluid must be pro-

"vided with special work clothing (desirably, coated coveralls), gas

,. masks and similar means of personal protection, each accompanied by

appropriate instructions.

"8. All workers should be trained in safety measures.

"9. All workers who come into contact with ethyl fluid must be

subjected to preliminary and periodic (once every 3 months) medical

." '5 examinations.

10. People younger than 18 years should not be permitted to work

with ethyl fluid.

111. It is roaamended that individuals working with ethyl fluid

be periodically assigned to Jobs which do not involve contact with

ethyl fluid.

Acute cases of poisoning can be prevented even after an individual
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has been doused with a substantial quantity of ethyl fluid, if immedi-

ately (within the first minutes) after contact of the ethyl fluid with
exposed porbions of the body all clothing is removed, the injured sec-

4 tions treated with kerosene, and the body surface carefully washed

with hot water and soap.

Decontamination Procedures

All items and materials contaminated with ethyl fluid are decon-

taminated:

a) with solvents (kerosene, nonethylated gasoline, dichloro-

ethane);

b) decomposition with chloramine, dichloramine, and bleaching

powder.

Cotton-fabric products and special work clothing should be decon-

*< taminated in one of the following ways:

I) by placing them into a special chamber with hot steam, for

45 to 60 minutes, at 110-120° and a pressure of 2 atm;

2) soaking for 2 hours in kerosene, with subsequent boiling and

rinsing in a hot 1% solution of monochloramine;

3) airing in fresh air for 2 to 3 hours, with subsequent washing

in a 1% solution of monochloramine.

Rubber boots and gloves are covered for 1 hour by a layer of

"bleaching-powder paste, after which each item is washed in hot water

.with a soapy sponge.

JWhen ethyl fluid comes into contact with wood, rubber, concrete,

stone, or soil (even in small quantities), the following should be

le" used for purposes of degasification: chlorine water, a bleaching-powder

paste (CaOCl 2 ), and water (1 part bleaching powder for each 3-5 parts

"o"- o waLer) or a 5% solution of sulfuryl chloride (002C12) in kerosene.

The bleaching powder and the sulfuryl chloride, in dry form, in-
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teract vigorously with ethyl fluid, and there is great liberation of'

heat, as a result of which the ethyl fluid -ignites. Therefore, these

can be used only in dilute form. j"-'"

Prior to degasification, the spilled ethyl fluid must be cleaned

up with shavings or sand, and then the spot that was doused with the

ethyl fluid must be treated with a chemical reagent. The shavings and

sand, soaked with the ethyl fluid, are doused with a combustible and

burned.

"After treatment with the degasifier, the affected spot is washed

with water and then with a soapy solution. When ethyl fluid is spilled

. on soil, the contaminated section, after degasification, should be

, spade-turned 2 to 3 times, to a depth of 0.5 meter.

First Aid

If ethyl fluid should come into contact with clothing, the latter

must immediately be removed and the body skin must be washed at the

appropriate poi.it. If ethyl fluid should be taken internally, vomiting

should be induced immediately. Those portions of body skin that have

* come into contact with the ethyl fluid should immediately be treated

(2 to 3 times) with cotton soaked in kerosene or unethylated gaso-

-'-:1" line, and then thoroughly washed with hot water and soap. After the

first premedical aid, the victim must be brought to the nearest hospi..

tal.

TOXICITY OF ETHYLATED GASOLINE

More than 35 years of experience in the extensive utilization of

ethylated gasolines and extensive investigations of their effect on

tho human organism offer convinoing proor of the fact that ethylated

Casoline, in terms of harmful effect, differs but slightly from ordi.

i.--. unary gasoline, if the elementary rules of safety are observed when

' hL t~aterial is used. For example, Lind (6] in his examinations, in
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1934 of 215 workers who had come into contact with ethylated gasoline

in the course of a year, found not a single symptom of lead poisoning.

Of those who were examined, 107 workers were employed at the tanks,

there were 61 mechanics, 47 drivers carrying gasoline tanks,, and 48

drivers working direotly with ethylated gasoline.

The weak toxicity of ethylated gasolines, despite the fact that

they contain up to 4 ml of ethyl fluid, can be explained by the fact

that In the majority of cases the vapors of these ethylated gasolines

do not differ at all (in terms of toxicity) from vapors of conven-

tional gasolines, since during the evaporation of up to 30% of the

ethylated gasoline all of the tetraethyllead remains in the liquid

gasoline. Only in the case of further gasoline evaporation does the

tetraethyllead gradually vaporize together with it. During drainage.,

* U' fueling, and storage of ethylated gasoline, when there is occasion to

breathe its vapors, the evaporated part of the gasoline, in the very

worst of cases, amounts only to several percent of the total quantity

-~ * and, therefore, there is no TES (TEL] contained in the vapors.

Ethylated gasolines are dangerous in the following cases:,

a) during the cleaning and repair of containers which held eth-

ylated gasoline;

b) during the repair of engines operating on an ethylated gaso-

- line;

c) in the case of extremely frequent contact of othylated gaso-

* *~line with the body and clothing., and in the case of its accidental in.-.

d) when ethylated gasoline is spilled over a large surface, par-
tieilarly under the conditions prevailing in a closed poorly-venti-

d:keei buildIng.

Let us examine each of the above-cited cawes individually.
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When storing ethylated gasoline for long periods of time, up to

15% oxidized TES [TEL] may settle out. Consequently, after the eth-

ylated gasolines are drained out, a substantial quantity of toxic TES

[TELJ-decomposition products may remain at the bottom of the container

,i in the form of a residue. Therefore, in cleaning tank cars and other

storage containers of ethylated gasolines, safety measures must be im-

, plemented.

Kassel's and Dodds [sic] [1] describe the following case, which

Shappened in Great Britain. A group of workers was assigned to the task

of cleaning an ethylated-gasoline storage tank. However, the required

preventive measures (complete change of regular clothing for special

Swork clothing, rubber aprons, rubber gloves and boots, showering upon

completion of work, flexible-hose gas mask, etc.) were not put into

-* effect, and as a result there were 25 cases of acute TES [TEL] poison-

* ing, and two cases resulted in the death of the victim.

A cause of lead poisoning may be improper handling of scale and

sedimentation formed in engines operating on ethylated gasoline. Here

we should take into consideration that scale and sedimentation form

in the cylinders, the exhaust pipes, and other parts of motors, and

this scale and sedimentation contain up to 45% and more of lead corn-

pounds.

In actual practice we encounter most frequently cases in which

*: ethylated gasolines come into contact with the human body and clothing.

The tetraethyllead contained in ethylated gasolines rapidly enters

the organism both through cuts as well as through skin that is com-
- .4.

plutuly Intaot (1, 6], without producin ang external changes or un-

pleasant sensations. In these ca~as, an extremely small quantity of

. etraothyllead enter:v the organism. If dousing with ethylated gasoline :.

v Lccur's comparat1vely infrequently and involves only insignificeatt quan-
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...... . :" tities, there are no particularly harmful consequences, since the te-

traethyllead disintegrates into its component parts in the human organ-

ism and is carried out with the urine, fecal matter, and perspiration.

However, if dousing with ethylated gasoline is a frequent occurrence,

the quantity of tetraethyllead that penetrates the organism may some-

times exceed the quantity carried out of the organism. In these cases,

the protective functions of the organism prove to be inadequate, and

"symptoms of chronic poisoning develop.

The early symptoms of chronic poisoning are frequently so

unspecific that they may easily be overlooked. They are expressed in

quickness t6 tire, certain barely noticeable changes in character, in-

stances of alienation, and frequent nosebleeds. When careless handling

of ethylated gasolines has been going on for a long time, symptoms of

damage to the central nervo'as system become clear. In such cases the

patients complain of headaches (the sensation of a "weight" in one's

head), disturbed sleep, loss in weight. They fall asleep with diffi-

culty, and once asleep, frequently wake up, and their bodies Jerk dur-

ing sleep. Sleep is restless, many dreams, some pleasant, mostly

nightmares.

If the basic rules of hygiene and safety are observed work with

*. ethylated gasolines is completely safe.

Personal Hygiene and Preventive Measures

In working with an ethylated gasoline the following rules should

be observed [1, 2].

1. Ethylated gasoline should be used only as a motor fuel; under

tv, circumstances should it be used to wash hands, machine parts, or to

clean clothing, etc.

2. Before meals hands and face must be washed with warm water and

soap. Eating, drinking, and smoking is strictly forbidden in buildings
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in which ethylated gasoline is being poured and 1i which component

parts of motors operating on ethylated gasoline are being repaired.

"3. All people assigned to Jobs involving the use of ethylated

gasoline must be subjected to a preliminary medical examination and

must qndergo periodic medical check-ups each 6 months.

" . If ethylated gasoline should be spilled in a closed building,

the spot should immediately be wiped with a dry rag, and then with a

rag soaked in kerosene.

"5. If ethylated gasoline should come into contact with clothing,

the clothing must be removed and aired in fresh air until all traces

of a gasoline odor disappear.

6. If ethylated gasoline should come Into contact with the skin,

the gasoline should not be permitted to dry out; the sections of skin

over which the gasoline spilled should immediately be washed with pure

gasoline or kerosene, and if these are not available the section should

"be wiped with a clean rag and then washed with warm water and soap.

7. All barrels, tank oars, and storage tanks containing ethylated

gasoline must be clearly marked "ethylated gasoline"; it Is forbidden

to take the work clothing home; arrangements for the laundering of

this special work clothing must be made at the job.

8. If the gasoline fuel lines or the carburetor jets become

fouled, they should be flushed only with a pump or a hand spray, but

. under no circumstances orally; cleaning and flushing of component

"parts must be carried out in rubber, polyvinylchloride, or leather

gloves.

,* .9. Ropaix and overhauling of motors operatin on ethyllated gaso-

lines must be carried out under the supervision of individuals respon.
i2j

sible for the implementation of safety measures. Such Jobs must be ,

proceded by the flushing of the system with nonethylated gasoline in
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order to remove tetraethyllead residues.

10. An individual will be permitted to work with ethylated gaso-

line only after he has passed the minimum sanitary-technical require-

ments.

,UOXI.OIUT OF EXHAUST GASES

Exhaust gases from internal-combustion engines, depending on the

type of engine, the type of fuel, and the operating regime, consist of

1-9% CO, 2-10% C02 , 0.5-5% 02, 0.5-8% saturated hydrocarbons, up to

0.5% unsaturated hydrocarbons, 1-7% H2 , and 69-79% N2 . Of all the com-

ponent parts of exhaust gases, the carbon monoxide is the most danger-

Ous.

If an engine is operating in a garage or in some other closed

building, particularly if there is limited space, and also if the ex-

haust system is not functioning properly, a dangerous concentration

(for a human being) of carbon monoxide may form.

The maximum permissible concentration of carbon monoxide in air

. is 0.02 irg/.j [5]. For example, a 20 hp engine can produce 28 liters of

carbon monoxide in only a single minute, and if the doors of a one-car

".* garage are closed, a lethal concentration accumulates within 5 minutes.

The Nature of the Effect

Carbon monoxide is one of the most dangerous of poisons. Its af-

finity with hemoglobin is greater than that of oxygen by a factor of

300. Entering the blood through the lungs, carbon monoxide combines

easily with the hemoglobin of the blood, forcing out the oxygen. The

blood loses its ability to supply the required life-giving oxygen to

the tissue, a. a result of which anoxia (oxygen starvation) sets in.

In addition, carbon monoxide exerts a direct poisonous effect on the

central nervous system.
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Acute Poisonipn

"The basic symptoms of acute poisoning are the same as in the case

"of charcoal-smoke poisoning: a sensation of forehead compression,

strong pain in forehead and temples, unsteadiness of vision, pulsatioi

in temples and ringing in ears, and tendency to tire easily upon phys-

ical exertion. With a continued stay in such an atmosphere, mental

confusion, nausea, symptoms similar to alcoholic intoxication, weak-

ness in the legs, lowered arterial pressure, loss of sensation, and

impairment of memory set in, the cutaneous cover and the mucous lining

turn pink, and finally there are cramps and loss of consciousness. The

victim may remain in a state of unconsciousness for 1 to 2 days, but

S-" if the concentration was particularly great death will come almost in-

s tantaneously.

The central nervous system is particularly sensitive to CO poison-

"ing. In the case of serious poisoning, symptoms include Impairment of

hearing, olfaction, and taste. Quite frequently paralysis sets in.

Acute CO poisoning is frequently complicated by various distur-

bances due to the central nervous system, a disease of the thyroid

gland, changes in the kidneys, the suprarenal glands, gastrointest.

* inal disturbances, and reduced resistance of the organism to infec-

"tions. Young people, pregnant women, and alcoholics are particularly

sensitive to the effect of CO. Slight indications of poisoning appear

upon Irdhalation of a concentration of CO of 0.23 mg/1 for a period of

- more than 5 hours (headache, which quickly disappears in fresh air).

At a concentration of O.34 mg/1 the first indications of poison-

*".' anar within 4 hours. A concentration of 0. 46 mg/1 will produce

extreme occipital v.nd frontal headaches within one hour; a concentra-

tion of 1. 34 mgi winl Induce palpitation within 33 minutes; after

"1. 5 hours the :ymptoms include light rocking, difficulty In breathi•g;
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after 2 hours, blurred consciousness. At a concentration of 3.4 m••/

death takes place after several inhalations [1].

Chronic Poisonin -n

The prolonged inhalation of air containing carbon monoxide in

small concentrations may, with the passage of time, result in chronic

poisoning, accompanied with the development of headaches, dizziness,

loss of weight, as well as increased irritability, indifference, and

obsessive fear.

Preventive Measures

Good ventilation must be provided and regular monitoring of the

carbon-monoxide content in the air must be carried out in those sec-

"tions in which increased concentrations of carbon monoxide may be lib-

erated and accumulate during the course of work. When working in an

atmosphere with an increased concentration of carbon monoxide, it is

recommended that a M (MP,, 1951) brand filtering gas mask be used; in

:he case of high CO concentrations only the filtering KIP-5 and PKR-3

(regeneration oxygen respirators) should be used. To prevent the entry

of exhaust gases, the equipment and fuel systems must be hermetically

3ealed, and the ventilation must function normally.

If- it is necesaary to work no lotvier than one hour in an atmoss-

Aihore containtnS carbon monoxide, the maximum permissible concentra-

,.1on of carbon monoxide a-hould not, be hi•ther than 0.05 mg/-; if the

,iotiing time la below 30 minutea, the concentration should not exceed

* J. 1 mg/_; If the working time is shorter than 15 minutes (garage pits),

the concentration should not excee-d 0.2 -ag.

," Repeated wor'k under conditions oir elevated carbon-aonoxide cop, -

tent In the air in the wo.-k cone may be peraitted with breaks lasting

nv than 2 hou ;
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BFirst Aid

In case of poisoning quickly put a gas mask on the victim, after

which it is absolutely necessary to carry him out into the fresh air .

and, having taken measures to prevent possible drafts (covering him,

"etc.), begin to apply artificial respiration and try to get him to

breathe pure oxygen, or better yet, pure oxygen mixed with 5-7% carbon

dioxide in order to increase the respiratory volume.

If breathing has stopped entirely, artificial respiration must be

continued until signs of life reappear, even if this involves several

hours, and the artificial respiration must be continued all the way to

the hospital.

TOXICITY OF OXIDIZERS

Concentrated nitric acid HNO3 , saturated with oxides of nitrogen

(NO, NO2 , etc.), concentrated hydrogen peroxide H202. liquid oxygen

02, tetranitromethane C(N0 2 )4 , et,., are the most commonly used oxi-

dizers. All of the above-enumerated oxidizers are toxic to some extent

and they may serve as sources of serious poisoning if the rules for

their handling are violated.

.Toxicity of Concentrated Nitric Acid Saturated with Nitrogen Oxides

Nitric acid saturated with nitrogen oxides is a powerful oxidizer.

In combination with many organic substances such as, for example, ana-

line, xy].*.dine, and furfuryl alcohol, concentrated nitric acid reacts

with an explosion. Its utilization as a rocket propellant component is

based on this property. Organic materials (straw, wood, etc.) as well

as clothing will burst into flame when doused with nitric acid. When

nitric acid comes into contact w.th metals, organic substances, or in

reaction with oxygen, the acid decomposes with the formation of the

Oxides. The most toxic of' the nitrogen oxides are nitrogen dioxide and

oxt ixde.
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The vapors released by nitric acid irritate the upper respiratory

S :t tract (produce coughing, choking, difficulty in breathing, and they

irritate the mucous membrane). Nitrogen oxides liberated from nitric
acid are not often found in the upper and middle sections of the res-

piratory tract because of their poor solubility, but they have more

serious effects on deeper sections of the respiratory organs - the

bronchioles and the alveolae. In combination with the moisture in the

organism, these nitrogen oxides form nitric and nitrous acids which

produce a variety of inflammatory manifestations in the mucous mem-

branes of the respiratory tract (bronchitis and even toxic edema of

the lungs).

One of the oxides of nitrogen (NO) is a blood poison which dis-

rupts the supply of oxygen to the tissues by the blood and damages the

central nervous system. Poisoning caused by pure nitrogen oxide (NO)

is rare, since it is rapidly oxidized by the oxygen of the air into

nitrogen dioxide.

The maximum permissible concentration of nitrogen oxides in the

air is 0.005 m811 when calculated for N 05 in accordance with the norm

(N101-54). At higher concentrations acute [6] and chronic poisoning

"occur.

Acute Poisoning

Acute poisoning by nitric-acid vapors and vapors of nitrogen ox-

"idea depends on the combination in which the individual ingredients

appear. Generally, poisoning begins with the irritation of the upper

respiratory tract (coughin•,) and the mucous membrane of the eyes. After

15 to 30 minutes, the degree of irritation diminishes and the patients

"eol quite well. But within 4 to 6 hours after the completion of the

• -atent period," i. e., after the seeming well-being of the patient,

thure sometimes develops a violent pattern of toxic edema of the lungs
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and the victim perishes.

In other cases of severe poisoning, upon completion of the latent

period, there appears a sensation of chest compression, harsh coughing .7Ž

(spasmatic), frequently with blood, body temperature rises, breathing

" - becomes difficult, and the cutaneous cover turns blue. In this case we

"frequently observe a disturbance of the gastrointestinal tract (nau-

sea, vomiting, and diarrhea). If the illness follows its normal course,

the above-mentioned symptoms of toxic edema of the lungs abate by

the 5-th to 7-th day. These illnesses are frequently complicated by

inflammation of the lungs. The treatment of severe poisoning cases re-

quires anywhere from 2 to 6 weeks.

In light cases, the time lost from work ranges between 3 and

5 days [4].

According to the data of Alyavdin [4], the inhalation of air with

a concentration of 0.15 mg/l of nitrogen oxides for a period of 4 min-

utes will induce choking, repeated coughing, and irritation of the

"throat. Inhalation of air for 5 minutes with a concentration of

0.09 mg/l of oxides will produce severe irritation of the pharynx,

coughing seizures, salivary discharge, and at 0. 02 mg/i there will be

a defini Le odor; at 0.01 mg/_l, the odor- will barely be perceptible; at
'-'-': 0.003 n)/L, no harmful effect is observed. A daily 8-hour stay in an

atmoophere with a nitrogen-oxide concentration not exceeding

0. 000005 mg/l is regarded as harmless.

All of these harmful effects quickly disappear in fresh air.

Chronic Poisoning

1in tho case of elevated nitr genr-oxide cuncentrations (above the

• perumissible limits) for extended and rotllar periods, chronic inflwu-

-. �,aOUL.zI diseases of thc Vi • o.aa of the upper respiratory tract de'.elcp,

.;I fj",vu 0h1.,O. 1.,-,•nwhitis, emphysema, tooth decay, and there .n a dis.
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ruption of the metabolism. Sometimes we also observe the ulceration of K.

, the mucous membrane of the nose or mouth.

Effect on the Skin

If concentrated HNO should come into contact with the skin it3
will produce severe burns requiring extensive treatment. Dilute solu-

tions of HNO may be responsible for the development of chronic ec-

zema. High concentrations of nitrogen-oxide vapors sometimes cause

hair to yellow, as well as the yellowing of nostrils and hands.

Preventive Measures

The preventive measures are the same as in the case of work with

other toxic volatile substances - hermetic sealing of the equipment in

which vapors of HNO and nitrogen-oxide vapors can form or be liber-
3 -

ated, as well as the installation of an appropriate exhaust system.

People suffering from bronchitis, asthma, or heart disease should

not be permitted to work with nitrogen oxides; people working in an

atmosphere containing high concentrations of nitrogen-oxide vapors

"must be provided with gloves, aprons, and protective goggles and in-

dividual oxygen masks.

Care should be taken that the gloves should not be damaged in any

way, i.e., there should be no tears or punctures. If acid should be

spilled on the floor it would liberate nitrogen oxides which could re-

"suit in serious poisoning. The spilled acid must be neutralized with a

soda or lime solution and washed away with water. To protect against

nitrogen oxides and HNO 3 vapors, we use the filtering "B" brand gas

mask (the yellow box).

"First Aid

The victim must be removed from the harmful atmosphere quickly

t; •J Y', misnit inmmediately be transferred to a hospital in a supine posi-

'•-n. Prior to sending the victim to the hospital, he must be made to

9824
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lie down, kept completely quiet, given pure oxygen to breathe, anct ui-

ter all pieces of tight clothing have been loosened, he should be

packed in hot-water bottles.

If nitric acid should come into contact with the skin the injure,

spot should be washed immediately with a large quantity of water and

treated with a 2% solution of drinking soda, after which the spot

should be smeared with vaseline. In case of injury to the eyes, a

heavy stream of water should be directed at the eyes for a period of

15 minutes and more, and then the eyes should be washed out with a 1-

2% solution of soda.

Should nitric acid come into contact with the inside of the

-mouth, the mouth should be rinsed with water and then with a 3-5% so-

lution of soda. If the HNO should be taken internally, as much water

as possible should be.taken and vomiting should be ihduced. Even when

*i! the initial symptoms of poisoning COo not seem dangerous, the victim

* ° should nevertheless be kept in bed for 24 hours.

Toxicity of Concentrated Hydrogen Peroxide

_ Concentrated hydrogen peroxide (H2 02 ), in contact with organic

materials (wood, clothing, paper, etc.), causes these to ignite. Con-

centrated hydrogen peroxide produces an explosion on mixing with com-

"bustible substances.

Contamination of concentrated hydrogen peroxide by dust, alkalis,

most metals and their oxides, as well as by many othei' substances of

the most diverse origins, can result in the violent decomposition of

the peroxide. This decomposition takes place with the liberation of

j.gaueu and huat adequate for the ignittuiu ul' the combustible materials

nearby, and the explosion of the contalt4 i i' the gases being liber-

ovo do not find a flee ,xit..

The max!, p :-. .,issible concentration of concentrated H vapors
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is held by a number of authors (10] to be 0.004%. Concentrated H202

.*.i not only irritates the mucous membrane of the eyes and the respiratory

tract (tearing, hoarseness, scratching, and the sensation of a metallic

•.. taste, a cold, and substantial discharge of sputum), but it also exhi-

bits general toxic effects. The prolonged action of hydrogen-peroxide

vapors destroys tissue. Given daily prolonged (up to several hours)

- work under conditions in which elevated concentrations of concentrated

hydrogen-peroxide vapors are in action may result in damage to the

central nervous system (headaches, tendency to tire easily, drowsi-

ness). If hydrogen peroxide comes into contact with the skin for a

short period of time, it produces bleaching and the sensation of a

I burn, which rapidly disappears. The prolonged action of hydroge~n per-

oxide on the skin will result in serious burns.

Preventive Measures

The building in which work with concentrated H2 02 is being done

**6 -must be equipped with fresh-air/exhaust ventilation; the floors must

"be made of a moisture-proof material (ceramic plates, cement) and must

be slanted to make possible the rapid washing away of spilled concen-

"trated H2 02 . Workers who have come into contact with concentrated

2 H 2 must wear goggles, special work clothing (desirably, made of air-

tight "textavinite") and polyvinylchloride gloves.

Treatment

With the appearance of poisoning symptoms (irritation of mucous

nmembrane, headaches) the victims must be removed from the zone of in-

* .;• Jury into fresh air and be sent to hospitals for the required spe-

cialized medical assistance. If concentrated H202 should come into

r7 " conktact with the skin, that portion of the skin must immediately be

washed with a liberal quantity of water.
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Toxicity of Tetranlitromethane
Tetranitromethane vapors have an irritating effect on the respira-

."tory tract and on the mucous membranes of the eyes. The basic symptor.

of this type of poisoning is [11] pronounced salivation with subse-

quent inflammation of the respiratory tract.

Given frequent and prolonged exposure to elevated concentratirns

or tetranitromethane vapors, symptoms of chronic poisoning with injury

to the central nervous system may appear (headaches, tendency to tire

"rapidly, weakness), as well as injury to the cardiovascular system,

and also symptoms of anemia. The above-enumerated symptoms of p-Asoning

may also include digestive disturbances (loss of appetite, .heartburn,

vomiting).

In most severe cases, which sometimes result in the death of the

victim as a result of developing edema of the lungs, yellowing of the

cutaneous covers and sclerae was observed.

In the case of insignificant concentrations, slight irritation,.

occurred immediately after the removal of the victim from tae poison.

atmosphere. The sensitivity of individuals to tetranitromethane de-

pends on the individual characteristics of the p3rson involved. The

maximum permissible concentration of tetranitromethane vapors is

0. 0003 nd/1(51.
41

First aid

Upon the appearance of poisoning symptoms it is necessa"ry to re.-

move the victim from the injurious atmosphere and send him immediately

to a hospital.

', or Liguit Oaiyrn

*-Pure gaseous oxygen Is not poisonous. When inhaled for short pe-
4.

......-. . :".cd of -,Ie I.t has no harmful effect on the human organism. The -.1an-

• er to human health arises only in the case of liquid oxygen comirz
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Into contact with the skin. In this case limited (of short duration)

contact between the skin and liquid oxygen involves no harmful conse-

quences because a protective gas layer is formed between the skin and

Sthe liquid oxygen. However, prolonged contact between skin and liquid

oxygen produose serious burns.

Preventive Measures

In work with liquid oxygen it is necessary:

a) to use gloves and protective clothing;

b) to make certain that all connections, component parts, and

* manifolds have been thoroughly degreased at all installations in which

* liquid oxygen is handled;

c) to make certain that no fiames or hypergolic substances are

permitted in the vicinity of liquid oxygen.

It is important to bear in mind that in an oxygen atmosphere

woolen and cotton materials can ignite.

Treatment

Burns resulting from liquid oxygen are treated in the same way az :

conventional burns.
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